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SUMMARY OF THE THESIS
Coastal inshore waters (CIW) are defined as the area of coastal waters between 0 and 200 m from 
the shoreline. They represent < 1% of coastal waters but are of high ecological, social, and economic 
importance. However, these waters have been scarcely studied, they are poorly understood. The time 
series database of the National Catalan Coastal Water Monitoring Program, ongoing since 1990, has 
allowed characterization of the CIW in the NW Mediterranean Sea. 
CIW receive a larger influence of continental, nutrient-rich freshwater inflows than outermost coastal 
waters. These influences trigger primary production (chlorophyll-a concentration), thereby they can 
enhance the eutrophication process. Continental influences can be fluvial or urban. The former are 
related to natural processes, such as river inflows and submarine groundwater discharges, and are 
defined by a high freshwater content (inverse of salinity) as well as high nitrate and silicate concen-
trations. Urban continental influences are related to urban inflows, thus they are of anthropogenic 
origin, and are defined by high phosphate, ammonia, and nitrite concentrations. 
During the study period (1990-2014), physicochemical and biological data analyses revealed great 
differences between CIW and outermost coastal waters, in space and time and at national and local 
scales. CIW showed larger concentrations of dissolved inorganic nutrients and chlorophyll-a than 
outermost coastal waters. Within CIW, fluvial continental influences occur predominantly in coastal 
zones that receive riverine waters, such as at the SW Catalan coast, into which the Ebre River dis-
charges; whereas urban continental influences are strong both in the metropolitan Barcelona area 
and near mostly-urban areas. Our results showed that fluvial continental influences on the CIW of the 
Catalan coast have decreased over time, while urban continental influences have increased. CIW also 
have a higher variability and heterogeneity, especially at the local scale. 
These observations formed the basis of new methods designed to assess terrestrial pressures (nutri-
ents), relate them to those on coastal waters, and then determine their impact (chlorophyll-a pro-
duction) on those waters, as required by the Water Framework Directive. The land uses simplified 
index (LUSI) method assesses the continental pressures measured on land and their influence on 
coastal waters, based on land uses and coastline morphology. The phosphate-ammonium-nitrite 
(FAN) and fluviality (FLU) indexes method, which is based on physicochemical variables, assesses the 
continental influences, the urban and fluvial ones, the water quality, and the anthropogenic compo-
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nent of the trophic state and the risks of eutrophication and cultural eutrophication in coastal waters. 
The chlorophyll-a method, which is based on chlorophyll-a concentration (phytoplanktonic biomass) 
and on salinity, assesses the ecological status and the eutrophication of coastal waters. By merging 
the results of the FAN and FLU indexes and of the Chl-a methods is possible to assess the cultural 
eutrophication of coastal waters.
For the Catalan coast, the resulting integrated assessment based on these newly designed methods 
revealed that 42% of the water bodies are at risk of eutrophication, 19% at risk of cultural eutrophi-
cation, 8% already show eutrophication, and 2% cultural eutrophication. Thus, for Catalan CIW these 
results strongly contradict the presumed overall oligotrophic condition of the Mediterranean Sea.
The characterization and assessment of Catalan coastal waters, especially of CIW, provide a better un-
derstanding of the structure and functioning of these waters in the Mediterranean Sea. Furthermore, 
this knowledge is essential for environmental decision-making. In addition, scientific recommenda-
tions were provided to achieve the integrated management of the Catalan coast in the future, under 
the ecosystem approach.
Summary of the Thesis
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RESUM DE LA TESI
Les aigües costaneres interiors (CIW) són aquelles localitzades entre 0 i 200 m del litoral. Representen 
només un <1% d’aquestes, però tenen una gran importància a nivell ecològic, social i econòmic. Tot 
i així, no hi ha gaires estudis de les CIW i per tant el coneixement sobre la seva estructura i funciona-
ment és limitat. La base de dades de la sèrie temporal del Programa Nacional de Seguiment i Control 
de les Aigües Costaneres de Catalunya, que es realitza des del 1990, ha permès caracteritzar les CIW 
al NO del Mediterrani. 
Les CIW reben una major influència dels aportaments continentals d’aigua dolça, rics nutrients, que 
les aigües costaneres més exteriors. Aquests aportaments fan incrementar la producció primària 
(concentració de clorofil·la-a), que alhora pot desencadenar el procés d’eutrofització de les aigües. 
Els aportaments continentals són fluvials o urbans. Els fluvials estan relacionats amb processos nat-
urals, com ara fluxos fluvials i descàrregues submarines d’aigües subterrànies, i es defineixen per un 
contingut alt d’aigua dolça (invers de la salinitat) i unes altes concentracions de nitrat i silicat. Els 
urbans estan relacionats amb els fluxos urbans, d’origen antropogènic, i es defineixen per unes altes 
concentracions de fosfat, amoni i nitrit. 
Durant el període d’estudi (1990-2014), les anàlisis de dades fisicoquímiques i biològiques han revelat 
grans diferències entre les CIW i les aigües costaneres més exteriors, en l’espai i el temps, a escala 
nacional i local. Les CIW tenen concentracions significativament més grans de nutrients inorgànics 
dissolts i clorofil·la-a. L’arribada d’aportaments continentals a les CIW va produir-se predominant-
ment davant la desembocadura de rius (sobretot al SO on desemboca el riu Ebre) i davant d’àrees 
urbanes (principalment davant l’àrea metropolitana de Barcelona). A més a més, va comprovar-se 
que en aquestes aigües els aportaments continentals fluvials van disminuir mentre que els urbans 
van augmentar al llarg del temps. Igualment, les CIW van mostrar més variabilitat i heterogeneïtat 
especialment a escala local. 
Aquest coneixement de les aigües costaneres, va permetre la creació de nous mètodes per avaluar 
les pressions (nutrients) a terra, per relacionar-les amb les mesurades en aigües costaneres i també 
per avaluar l’impacte que generen (clorofil·la-a), tal i com exigeix la Directiva Marc de l’Aigua. El 
mètode basat en l’índex simplificat d’usos del sòl (LUSI) avalua les pressions continentals mesurades 
a terra i la seva influència en les aigües costaneres, segons els usos del sòl i la morfologia del litoral. 
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El mètode basat en els índexs de fosfat-amoni-nitrit (FAN) i fluvialitat (FLU) determina, mitjançant 
variables fisicoquímiques, els aportaments continentals, els fluvials, els urbans, la qualitat de l’aigua, el 
component antropogènic de l’estat tròfic i els riscs d’eutrofització i d’eutrofització cultural a les aigües 
costaneres. El mètode basat en la clorofil·la-a valora l’estat ecològic de les aigües costaneres, segons 
la concentració de clorofil·la-a (biomassa fitoplanctònica) i la salinitat, i permet avaluar l’eutrofització a 
les aigües costaneres. Els resultats conjunts dels índexs FAN i FLU i de la clorofil·la-a permeten avaluar 
l’eutrofització cultural a les aigües costaneres. 
A la costa catalana, el 42% de les aigües costaneres corren risc d’eutrofització, el 19% risc d’eutro-
fització cultural, el 8% presenten eutrofització i el 2% eutrofització cultural. Per tant, la hipòtesi sobre 
l’oligotròfia del Mediterrani és nul·la a les CIW de la costa catalana. 
La caracterització i l’avaluació de les aigües costaneres a Catalunya, especialment de les CIW, con-
tribueixen a una millor comprensió de l’estructura i el funcionament d’aquestes aigües en el mar Med-
iterrani, coneixement essencial per a la gestió mediambiental. A més, les recomanacions científiques 
nomenades en aquesta tesi contribuiran per a l’assoliment de la gestió integrada de la costa catalana 
en el futur, sota l’enfoc ecosistèmic.
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THESIS PRESENTATION
A black box refers to a complex system or device whose internal workings are hidden or not readily under-
stood (Oxford University Press, 2017). Coastal inshore waters (CIW) are defined as the area compris-
ing coastal waters between 0 and 200 m from the shoreline. They represent < 1% of coastal waters 
but they are of high ecological, social, and economic importance. However, these waters have been 
scarcely studied such that little is known about them. The main aim of this thesis was to open the 
black box of CIW in the NW Mediterranean Sea. 
The Catalan coast is an ideal system for investigating CIW, not only because it is representative of the 
NW Mediterranean but also because a large time series dataset is available from this zone. The Na-
tional Catalan Coastal Water Monitoring Program has been conducted since 1990, following several 
agreements between the Catalan Water Agency and the Marine Science Institute from Barcelona. It 
is unique regarding its spatial and temporal coverage and has generated a large dataset of physico-
chemical and biological variables within an extended time series. The main purpose of the program 
is to support the implementation of environmental and legislative requirements, mainly linked to the 
Catalan Water Law (Law 6/1999; Generalitat de Catalunya (1999)) and the European Water Framework 
Directive [Directive 2000/60/CE; European Commission (2000b)]. 
This thesis is the product of my work based on data from the National Catalan Coastal Water Mon-
itoring Program and conducted at the Marine Science Institute. During 16 years of research, I have 
worked side by side with experts and decision-makers, from my institution, from other national and 
European research centers, and from several environmental institutions, including the Catalan Water 
Agency, the Spanish Environmental Ministry, and the European Commission. These collaborations 
have guaranteed the maintenance and improvement of the National Catalan Coastal Water Moni-
toring Program’s time series dataset, furthered knowledge and understanding of the structure and 
functioning of coastal waters, and documented the fulfillment of environmental and legislative re-
quirements at the national and European levels. 
I have been involved in the implementation of the Water Framework Directive since its enforcement 
in 2001. This implementation implied, among others, the delimitation of coastal, transitional, and 
heavily modified water bodies; the establishment of sampling strategies for these waters; the elab-
oration of protocols to assess the ecological status of coastal waters based on the biological quality 
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element phytoplankton (linked to chlorophyll-a), to assess the general physicochemical conditions 
of coastal waters (linked to salinity and dissolved inorganic nutrient levels); to evaluate pressures 
and impacts on the Catalan coast (e.g., in the report IMPRESS); and to contribute to the mandatory 
assessments and the reporting thereof to the responsible authorities.
An essential process within the European Water Framework Directive Common Implementation 
Strategy (CIS) is the intercalibration of the assessment results among European Member States to 
assure the comparability and geographical coherence of the data. I have contributed to the inter-
calibration processes related to the biological quality element phytoplankton. This intercalibration, 
within the Mediterranean Geographical Intercalibration Group, was conducted from 2005 to 2015 
and included three phases. During this period, methods were created to assess the ecological sta-
tus of coastal waters based on phytoplankton; to establish pressure–impact relationships, reference 
conditions, and boundaries between ecological status categories; and to assure that all of the work 
carried out in sub-basins of the Mediterranean Sea was comparable and coherent. In studies of the 
NW Mediterranean Sea, which involved France, Italy and Spain, I led the intercalibration processes 
and reported the final results to the European Commission. 
My work during these 16 years has allowed me to study land-ocean interactions and their effects on 
the coastal zone. Specifically, I have conducted research on the spatial and temporal heterogeneity of 
the physicochemical and biological variables of coastal waters, especially of CIW; the coastal dynamic 
processes that cause this heterogeneity; and the environmental quality of coastal waters, determined 
using physicochemical and phytoplanktonic indicators. Simultaneously, I have investigated the im-
pact of anthropogenic activities on the coastal zone, and in particular, cultural eutrophication.
This thesis contributes substantially to a more detailed comprehension of the CIW ecosystem of 
the Catalan coast. The resulting knowledge has allowed the design of methods to assess the envi-
ronmental quality of coastal waters. These methods were applied to the available dataset, yielding 
a broad-ranging assessment of the Catalan coast that revealed and confirmed the relation between 
human activities on land and the eutrophication process in coastal waters. Finally, the insights gained 
in my research form the basis of recommendations aimed at the achievement of the integrated man-
agement of the Catalan coast in the future, under the ecosystem approach. Accordingly, the contents 
of this thesis differ considerably from a typical thesis based solely on a research project, as it includes 
three kinds of information; (1) new scientific evidence regarding the structure and functioning of 
CIW; (2) detailed technical information in the form of newly developed methodologies, and (3) rec-
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ommendations, based on 16 years of research, regarding marine science and environmental policies, 
and especially related management practices. These three kinds of information respond to the con-
tractual duties of the Marine Science Institute and thus to the fulfillment of the legislative require-
ments of current environmental laws, mainly the European Water Framework Directive.
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GENERAL INTRODUCTION
1. STATE OF THE ART
 1.1. The coastal zone and coastal inshore waters
 1.2. Water quality, eutrophication, and cultural eutrophication
 1.3. The ecosystem approach and the DPSIR framework
2. THE CATALAN COAST AND ITS TIME SERIES
1. STATE OF THE ART
1.1. The coastal zone and coastal inshore waters
The coastal zone is a transitional area directly influenced by the characteristics and usage of the adja-
cent land (Gazeau et al., 2004) and is unique in many of its features and processes (Figure 1). Although 
coastal zones comprise just 20% of the Earth’s surface, their waters contain 90% of all marine species 
(Draper, 2002) while the adjacent land is home to 45% of the entire human population (Schäfer et 
al., 2010). As the most biodiverse and biologically productive ecosystems on Earth, coastal zones 
are of major environmental, economic, and social importance. Phytoplankton annual net primary 
production in coastal waters is estimated to be 50 pg C year−1 (Malone, 2016). Other important eco-
logical functions provided by coastal zones include filtering terrestrial inflows, preventing erosion, 
and providing food and shelter for a wide variety of organisms (Creel, 2003). In addition, coastal zones 
are socioeconomic “golden areas” (Zhang, 2012), by sustaining major activities related to agriculture, 
fisheries, industry, urbanization, transport, and tourism (Cole and McGlade, 1998; Creel, 2003; Lopez 
y Royo et al., 2009; San Vicente, 1999; Springer et al., 1996). The population in the low-elevation (< 
10 m of elevation) coastal zone in the year 2000 was 625.2 million but it is expected to reach 938.9 
million by 2030 and 1,318.3 million by 2060 (Neumann et al., 2015). Therefore, coastal zones are and 
will continue to be the marine environment most affected by anthropogenic pressures, in the form 
of high population densities and intense human activities (Lopez y Royo et al., 2009). Indeed, they are 
currently one of the most highly threatened environments, including by eutrophication.
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The physical, chemical, and biological characteristics of coastal waters form a gradient extending 
from land to ocean. While the characteristics of coastal waters at the seaward boundary typically do 
not significantly differ from those of ocean waters, this boundary is inherently variable with respect 
to distance from the shore (e.g., Exclusive Economic Zones), bathymetric structures [e.g., those co-
inciding with the continental shelf or slope; Gazeau et al. (2004); Pickard (1979)], biotic distributions 
or processes (Gibbs et al., 2006), hydrographic structures (Gibbs et al., 2006), etc. Adjacent to the 
landward boundary of coastal waters are the coastal inshore waters (CIW), specifically defined by 
this study as coastal waters between 0 and 200 m from the shoreline. As such, CIW represent <1% of 
coastal waters but constitute an ecosystem with distinct characteristics, due in part to their extremely 
dynamic physicochemical and biological processes. Direct continental inflows from surface runoff, 
groundwater, and river water, usually with large loads of dissolved inorganic nutrients, reach CIW and 
produce highly distinctive gradients that account for their wide spatial and temporal heterogeneity 
and their greater risk of eutrophication compared with outermost coastal waters.
The uniqueness of the CIW ecosystem of the Mediterranean Sea can be explained as follows. First, the 
Mediterranean Sea is micromareal (Masselink and Short, 1993), and its low tidal range [20-40 cm; Day 
et al. (1995)] hinders the dilution of continental inflows. Second, the oligotrophic status of the Med-
iterranean Sea (D’Ortenzio and d’Alcala, 2009; Estrada, 1996) enhances the differences between its 
oceanic waters and CIW. Third, the intense population density along most of the Mediterranean coast 
[20–1000 inhabitants/km²; GRID-Arendal (2013)] drastically impacts the sea’s CIW via continental in-
puts. The physicochemical and biological processes taking place in Mediterranean CIW are thereby 
intensified, leading to the formation of steeper gradients between CIW and oceanic waters in the 
Mediterranean Sea.
Physicochemical and biological characterizations of the Mediterranean Sea are abundant, whereas 
few studies have focused on CIW. In fact, CIW have been largely ignored, except for reports based 
on single or monthly cruises carried out over a period of 1–2 years (Caroppo et al., 2001; Coste et 
al., 1972; Elsayed et al., 1994; Guadayol et al., 2009; Ignatiades et al., 1985; Leblanc et al., 2003; Luce-
na-Moya et al., 2009; Puigserver et al., 2010; Spatharis et al., 2008; Spatharis and Tsirtsis, 2010; Torres 
and del Rio, 1995), studies investigating river plumes (Romero et al., 2001; Troussellier et al., 2002), and 
studies investigating coastal organisms (Bravo et al., 2008; Quijano-Scheggia et al., 2008; Vila et al., 
2001b; Vila et al., 2005) and human health (Myers and Ainger, 2013), in which physicochemical data 
were reported as complementary information. 
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As a result, little is known about the CIW ecosystem of the Mediterranean Sea and its physicochem-
ical and biological characteristics have yet to be studied in detail. The scarce evidence suggests that 
they differ greatly from those of the sea’s outermost coastal waters. This dissimilarity may reflect a 
broader spatial and temporal heterogeneity and the larger impact of natural processes and anthro-
pogenic activities. Thus, the overall oligotrophic condition attributed to the Mediterranean is unlikely 
to hold for CIW, which as mentioned above are at greater risk of eutrophication.
 
1.2. Water quality, eutrophication, and cultural eutrophication
The term water quality is used to describe the condition of the water, including its chemical, physical 
and biological characteristics, usually with respect to its suitability for a particular purpose (Diersing, 
2009). It is a measure of the condition of water relative to the requirements of one or more biotic spe-
Figure 1  ·  Conceptual diagram displaying key natural and anthropogenic features and goods 
and services of the coastal zone including the river catchment shelf scale. From LOICZ (2016).
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cies and or to any human need or purpose (Johnson et al., 1997), and thus to environmental health 
and human welfare. The definition of water quality is especially relevant in the coastal zone, due to 
its direct management implications, in the form of measures aimed at protecting environmental, 
economic, and social interests. Compliance of water quality is mostly assessed by comparison of the 
values of a set of variables describing the water’s condition with previously established standard val-
ues describing a gradient. The variables used to provide a measure of water quality vary depending 
on the purpose behind its definition but the most common ones are the concentrations of: dissolved 
oxygen, nutrients (especially nitrogen and phosphorus), chlorophyll-a (Chl-a), pesticides, herbicides, 
heavy metals, and fecal coliform bacteria as well as pH, turbidity, and salinity (Diersing, 2009). 
The most important factor responsible for the loss of water quality is eutrophication. This term has its 
roots on two Greek names; eu, which means well, and trope, which means nourished. Eutrophication 
is a process driven by enrichment of water by nutrients, especially compounds of nitrogen and/or 
phosphorus, leading to: increased growth, primary production and biomass of algae; changes in the 
balance of organisms; and water quality degradation. The consequences of eutrophication are unde-
sirable if they appreciably degrade ecosystem health and/or the sustainable provision of goods and 
services (Ferreira et al., 2011) (Figure 2). Significant scientific concern regarding the negative effects of 
eutrophication dates from the 1960s. In an international symposium on eutrophication held in 1967 
in Madison (Wisconsin, USA), the worldwide knowledge and understanding of the eutrophication 
processes were discussed along with recommendations for effective management and areas of fu-
ture related research (Rohlich, 1969). Since then, the negative effects of eutrophication have become 
increasingly apparent and appreciated. In 1992, eutrophication, including in coastal zones (Colombo 
et al., 1992), was understood to be the oldest anthropogenic water quality problem (Vollenweider, 
1992). 
Eutrophication occurs naturally in waters that receive large amounts of nutrients, such as upwelling 
coastal zones, in which the nutrients are of oceanic origin, and many coastal wetlands that receive 
nutrients from the continent. In the latter case, eutrophication can have dire consequences, even 
causing hypoxia and anoxia. However, human activities have accelerated the rate and extent of eu-
trophication through both point-source discharges and non-point loadings of limiting nutrients, 
such as nitrogen and phosphorus, into aquatic ecosystems (Chislock et al., 2013). This anthropogenic 
acceleration of the eutrophication process is referred to as cultural eutrophication. It may be inten-
tional, such as by the addition of fertilizers to enhance primary production and thereby increase 
the density and biomass of recreationally and economically important fish species, via bottom-up 
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effects on higher trophic levels (Boyd and Tucker, 1998). However since the 1960s and 1970s, cultural 
eutrophication has been linked to anthropogenic activities, such as agriculture, industry, and sewage 
disposal, and the consequences have often been dramatic (Schindler, 1974). The main causes of the 
cultural eutrophication of marine ecosystems are discharges of inorganic fertilizers from agriculture, 
discharges of wastewater from livestock, urban, and industrial areas, urban and industrial runoff, and, 
to a lesser extent, atmospheric deposition linked to human activities related to fossil fuel burning 
(Boesch et al., 2001; Cloern, 2001; Paerl, 1997). This excess of nutrients produced by human activities, 
together with the enormous, relatively recent changes in land use and the increasing regulation of 
freshwater courses have contributed to the current state of a much faster rate of cultural eutrophi-
cation. 
In recent years, scientific concern regarding the eutrophication of marine environments has been 
transferred to governmental authorities at all levels. Moreover, the general public, has also become 
aware of the problem. Together, this has led to the support and adoption of policies aimed at com-
bating eutrophication and to the implementation of remedial measures. Indeed, such policies have 
been enacted in many countries, such as the Water Act 2007 (Australia Office of Parliamentary Coun-
sel, 2007), the Clean Water Act (United States Congress, 1972), the Water Framework Directive (Eu-
ropean Commission, 2000b) and the Marine Strategy Framework Directive (European Commission, 
2008). In Europe, through the actions of the European Environment Agency, 14 related  policy in-
itiatives have been documented under the indicator Nutrients in transitional, coastal and marine 
waters (European Environment Agency, 2015), including six directives and four documents for the 
protection of European seas. Together, they highlight the importance of eutrophication as a current 
European concern.
To implement these policies and achieve their goals, the ability to assess nutrient levels and eu-
trophication, and thereby water quality, is essential. Nutrient levels assess the risk of eutrophication 
and eutrophication is assessed by the impact of nutrients on organisms inhabiting the affected wa-
ters. There are multiple approaches to these assessments in marine environments, each with its own 
shortcomings and advantages (Kitsiou and Karydis, 2011; Vounatsou and Karydis, 1991). These ap-
proaches can be classified depending on the variables used, also with their weaknesses and benefits 
(Karydis, 2009). Some approaches are based only on chemical variables related to nutrients whereas 
others also include biological variables, such as Chl-a, or other physicochemical variables, such as 
water clarity or dissolved oxygen levels. Other, more complex approaches additionally consider so-
cio-economic variables as they aim to achieve more integrative assessments of eutrophication, as 
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recommended by Kitsiou and Karydis (2011).
Some approaches to assess nutrient levels and eutrophication in marine environments yield a classi-
fication of marine waters, distinguishing between oligotrophic, mesotrophic, and eutrophic coastal 
waters, following the nomenclature used previously for lakes (Rodhe, 1969). In Europe, to meet the 
requirements of the Water Framework Directive and other directives, water quality has also been 
divided into five categories (High, Good, Moderate, Poor, and Bad) based on nutrient concentrations.
However, these approaches leave a methodological gap as none of them distinguish between the 
natural and anthropogenic origin of nutrient inputs, and thus they do not identify the cultural eu-
trophication of marine environments. This is a critical distinction (Kitsiou and Karydis, 2011; Warwick, 
1993) because cultural eutrophication almost always implies the need for corrective management 
measures to diminish the impact of anthropogenic nutrient inputs on organisms and to restore wa-
ter quality. 
For CIW, especially for those of the Mediterranean Sea, the methodological gap is particularly alarm-
ing. The scarce knowledge of CIW is due to a lack of data, which has prevented the creation of specific 
assessment methods for these waters. There are no methods to assess the physicochemical state of 
CIW or to distinguish between the natural or anthropogenic origin of nutrients. This has prevented 
determinations of the risks of eutrophication and cultural eutrophication of these coastal waters. 
Likewise, there are no methods to assess the eutrophication of these waters based on organisms’ 
information. As a result, there is no clear definition of water quality for the CIW of the Mediterranean 
Sea.
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Figure 2  ·  Conceptual diagram comparing a healthy system with no or low eutrophic condition 
to an unhealthy system exhibiting eutrophic symptoms. From: Bricker et al. (2007).
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1.3. The ecosystem approach and the DPSIR framework
The Convention on Biological Diversity defined the ecosystem-based approach as a strategy for the 
integrated management of land, water and living resources that promotes conservation and sustainable 
use in an equitable way. Application of the ecosystem approach will help to reach a balance of the three 
objectives of the Convention: conservation; sustainable use; and the fair and equitable sharing of the bene-
fits arising out of the utilization of genetic resources (Figure 3). It is based on the application of appropriate 
scientific methodologies focused on levels of biological organization which encompass the essential pro-
cesses, functions and interactions among organisms and their environment. It recognizes that humans, 
with their cultural diversity, are an integral component of ecosystems (United Nations Educational Scien-
tific and Cultural Organization, 2000). As a result, the desired outcomes are: environmental sustaina-
bility, social well-being, and economic prosperity (Maltby, 2006) (Figure 3). The ecosystem approach 
is implemented through management frameworks that consider the complexity and interactions 
between ecological, social, and economic systems (Cranford et al., 2012). This is achieved by means 
of measurable indicators, which allow the interpretation of these systems and an understanding of 
their interrelations. The utility of these indicators is that they ultimately guide the establishment and 
implementation of timely and appropriate corrective actions (Rice, 2003).
Several management frameworks are available to implement the ecosystem approach; their use de-
pends on local, regional, national, or global conditions. The Driving forces, Pressure, State, Impact, 
Response framework [DPSIR; European Environment Agency (1998)] identifies environmental prob-
lems, their causes, and potential remedies; it therefore recognizes the important and complex link-
ages between environmental and socio-economic systems. This framework provides a holistic view 
of the structure and functioning of ecosystems, one that takes into account the existing relations 
among their elements. According to the DPSIR framework, there is a chain of causal links from driv-
ing forces, over pressures, to states and impacts that finally lead to societal responses. Social and 
economic developments are driving forces that exert pressure on the environment, thus changing 
the state of the environment, which leads to impacts on ecosystems that may trigger a societal re-
sponse that feeds back on the driving forces, state, or impact directly, through actions. Since its first 
definition, the DPSIR framework has been improved and reformulated (Gari et al., 2015). An important 
revision was the inclusion of ecosystem services and societal benefits (Atkins et al., 2011), in what 
thus became the DPSWR framework (Cooper, 2013). A further revision, the DAPSI(W)R framework 
(Elliott, 2014) (Figure 4), introduced Activities, as a consequence of driving forces that cause pressures, 
and impacts on societal Welfare, as a consequence of state changes. According to the DAPSI(W)R 
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framework, societal responses provide feedback on driving forces but also on activities and pressures, 
thus reducing the incidence of state changes and impacts, including on human welfare (Barnard and 
Elliott, 2015). The DPSIR framework was first used by the European Environment Agency in its report-
ing activities. Its subsequent revisions have been adopted by researchers to define the complex rela-
tionships between the environment and human systems, by policy-makers to better understand the 
information produced by researchers and technicians, and by decision-makers to develop corrective 
management actions. 
Most of the environmental laws currently in effect in Europe and elsewhere around the world are 
based on the DPSIR approach. For example, the Water Framework Directive relies on a clear defini-
tion of the pressures, outside the system, and the impacts, inside the system. The establishment of 
a pressure-impact relationship enables an assessment of the state of the system. If unwanted hu-
man-induced alterations are identified, corrective responses are implemented, which feed-back on 
driving forces, activities, and pressures and thus restore the state of the system. The WFD recognizes 
eutrophication as one of the main threats to coastal zones. To assess eutrophication in terms of a 
pressure-impact relationship requires a determination of both nutrients loads and concentrations 
from the continent that reach coastal waters and the concentrations of Chl-a, as a proxy of phyto-
planktonic biomass. Further, identify cultural eutrophication would allow corrective management 
actions. 
However, there are no methods to assess continental pressures on coastal waters linked to the 
nutrient loads and concentrations measured on land for the Mediterranean CIW. Therefore, pres-
sure-impact relationships have not been established. Similarly, an approach to obtaining an integrat-
ed assessment based on physicochemical (nutrients) and biological (Chl-a) information and able to 
identify and cultural eutrophication is still lacking. Given these deficiencies, decision-makers have not 
had the necessary knowledge or the tools to understand the structure and functioning of CIW and 
thus to achieve an integrated coastal zone management under the ecosystem approach.
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Figure 3  ·  Overlapping objectives of the Ecosystem Approach and desired outcomes.
From: Maltby (2006).
Figure 4  ·  The DAPSI(W)R framework and the basis of its elements: driving forces (D), activities 
(A), pressure (P), state (S), impact (I), human welfare (W), and response (R). From: Elliott (2014), 
modifi ed from the DPSIR approach of Atkins et al. (2011).
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2. THE CATALAN COAST AND ITS TIME SERIES
The Catalan coast provides an ideal system to fill the identified knowledge gap regarding CIW of the 
NW Mediterranean Sea because: 1) it is representative of this part of the Mediterranean in terms of 
its geography, demographics, and socioeconomic development and 2) a large dataset is available 
from this zone related to the time series of physicochemical and biological variables of the National 
Catalan Coastal Water Monitoring Program, conducted since 1990.
The Catalan coast is located between 3° 19’ 59.94” E and 42° 29’ 0.09” N and between 0° 9’ 41.69” E and 
40° 31’ 27.56” N, thus occupying 7,257.5 km2 (Agència Catalana de l’Aigua, 2005) and delimiting the 
Mediterranean Sea over 870.0 km (Institut d’Estadística de Catalunya, 2010). Among the shared char-
acteristics of the NW Mediterranean and Catalan coast are: (1) continental inflows reaching coastal 
waters, (2) the population density, and (3) oceanographic features. Continental inflows reach the 
Catalan coast via ephemeral streams, nine medium to small rivers, and the Ebre River in the south, all 
of which open directly into the Mediterranean Sea. The Ebre River drains a watershed of 84,230 km², 
with a mean water discharge at the river’s mouth of 416 m³/s (Ludwig et al., 2009). Other major rivers 
in the region drain a total area of 13,400 km² and have mean water discharges between 0.3 and 16.3 
m³/s (Liquete et al., 2009). The coastal zone is also home to 4,942,044 of the 7,522,596 inhabitants of 
Catalonia (66%) (Institut d’Estadística de Catalunya, 2016). However, the population density along the 
coast is highly variable, ranging from 33 inhabitants/km² in the Ebro basin (Ferré, 2007) to 15,319.6 
habitants/km² in the metropolitan Barcelona area (Institut d’Estadística de Catalunya, 2016). The Cat-
alan coast receive 50% of the total amount of Catalan wastewaters, corresponding to a population 
equivalent of 9,000,000 (Agència Catalana de l’Aigua, 2011). Of the 47 wastewater systems along the 
Catalan coast, 16 are in the Girona region, 13 in Barcelona, and 18 in Girona itself, which treat 10%, 
80%, and 10% of coastal wastewater, respectively (Agència Catalana de l’Aigua, 2011). Finally, the 
oceanographic features of the Catalan coast, like those of the NW Mediterranean, are complex. The 
continental shelf is usually narrow [average = 15–20 km; Maldonado (1995)] but it widens along its 
border with the Ebre Delta (maximum = 54.5 km) and is almost non-existent (minimum = 1.6 km) in 
front of several canyons located along the coast (Platónov, 2002). The general surface circulation is 
due to the Liguro-Provençal current, which moves from the NE towards the SW, and to local super-
ficial currents, which are close to the shore and move in a NE or SW direction (Agència Catalana de 
l’Aigua, 2005). The tidal range is small and the sea weather, according to the Douglas scale (Harbord, 
1897), is typically slight and occasionally as rough or very rough, especially during autumn (Agència 
Catalana de l’Aigua, 2005).
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The time series of the National Catalan Coastal Water Monitoring Program has been ongoing since 
1990, following an agreement between the Catalan Water Agency (ACA) and the Marine Science In-
stitute (ICM-CSIC) in Barcelona. This time series is unique regarding its spatial and temporal coverage. 
From 1990 to 2014, 268 stations were sampled along the entire Catalan coast. These stations were 
representative of the three coastal water areas: CIW (0–200 m from the shore), coastal nearshore 
waters (CNW; 200-1,500 m), and coastal offshore waters (COW; > 1,500 m). In addition, the CIW sta-
tions were representative of three degrees of water confinement ranging from more to less: harbors, 
beaches, and rocky zones. These CIW stations were sampled quarterly or monthly, depending on the 
variability of their data, and from the shore, whereas the surface waters and different depths at the 
CNW and COW stations were sampled quarterly by boat. The WFD was adopted in 2000; thereafter, 
to facilitate its implementation, Catalan coastal waters were divided into 38 water bodies. These in-
cluded the beaches and rocky zones at CIW stations and the surface stations of CNW. The variables 
measured at each sampling station were salinity, oxygen percentage, Chl-a concentration (µg/L), all 
determined following the method of Yentsch and Menzel (1963), and the concentration of dissolved 
inorganic nutrients (µM), determined following colorimetric techniques (Grasshoff et al., 1983). The 
dataset of this time series used in this study covered nearly 24 years and comprised 20,102 entries 
obtained from June 1990 to December 2014. The CIW data covered the entire period, with 16,942 
entries: 4,052 related to harbors, 10,643 to beaches, and 2,247 to rocky zones. The CNW and COW data 
covered only the period from August 1996 to December 2014 and included 2,166 and 994 entries, 
respectively. Surface data comprised 19,102 entries, depth data 1,000 entries, and data related to the 
WFD 14,536 entries.
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AIMS OF THE THESIS
The specific objectives related to the aims of the thesis were:
•	 To	characterize	in	detail	the	physicochemical	and	biological	properties	of	these	waters	spa-
tially and temporally, at both national and local scales.
•	 To	create	a	method	to	assess	continental	pressures	on	land	and	their	 influence	on	coastal	
waters, and then apply this method to the Catalan coast. 
•	 To	create	a	method	that	uses	the	physicochemical	state	of	coastal	waters	as	 the	basis	 for	
distinguishing between the natural and anthropogenic origin of nutrients and thereby provide 
information on the risks of eutrophication and cultural eutrophication of coastal waters, and 
then apply this method to the Catalan coast. 
•	 To	create	a	method	to	assess	eutrophication	based	on	Chl-a, as a proxy of biomass, and then 
apply this method to the Catalan coast. 
•	 To	propose	an	integrated	method	based	on	physicochemical	and	biological	information	to	
identify the cultural eutrophication on coastal waters, and then apply this method to the Cat-
alan coast.
The aims of this thesis were: 1) to provide better knowledge and a fuller comprehension 
of the CiW ecosystem of the Catalan coast, as an area representative of the NW 
Mediterranean Sea; 2) to develop a set of tools with which to assess the environmental 
quality of coastal waters, 3) to integrate the results to obtain an assessment of the 
Catalan coast, 4) to link human activities on land with the eutrophication process in 
coastal waters and thereby improve management approaches; and 5) to formulate 
scientific recommendations to achieve the integrated management of the Catalan 
coast in the future, under the ecosystem approach.
Aims of the Thesis
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Aims of the Thesis
•	 To	provide	a	definition	of	water	quality	for	CIW	and	the	results	of	its	assessment	for	the	Cata-
lan coast.
•	 To	provide	an	integrated	assessment	of	the	Catalan	coast,	based	on	the	jointly	results	of	the	
previously created methods.
•	 To	establish	a	pressure-impact	relationship	between	continental	pressures	and	coastal	im-
pacts for the Catalan coast.
•	 To	provide	decision-makers	with	information	on	the	structure	and	functioning	of	coastal	wa-
ters as well as scientifically based recommendations to achieve the integrated management of 
the Catalan coast, under the ecosystem approach.
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THESIS STRUCTURE
These specific objectives are addressed in six chapters, each of which is structured as a book section. 
Some have already been published either in this format or as a scientific paper. All chapters are con-
nected but they can be read independently of the others and in no specific order. Likewise, sections of 
different chapters regarding the same kind of information, such as those describing the specific proto-
cols of the newly presented methods (shown in blue boxes), the characterization and assessments of 
the Catalan coast based on the application of these methods, or the management recommendations, 
can be read together independently of the other sections. The six chapters can be summarized as 
follows. 
I. Chapter 1 divides coastal waters into three areas: CIW, CNW, and COW and defines the fresh-
water content as an inverse value of salinity. It then details spatially the physicochemical and 
biological characteristics of Catalan CIW and compares them with those of the outermost 
coastal waters (CNW and COW). Finally, the urban continental influences reaching coastal wa-
ters are distinguished from fluvial ones. (Thesis aims 1, 4, and 5).
II. Chapter 2 uses the findings of Chapter 1 to develop a conceptual model of coastal waters 
in which urban continental influences are considered of anthropogenic origin and fluvial con-
tinental influences of natural origin. Together, these influences are the main pressures acting 
on coastal waters. The model examines the relationships of these continental influences, as 
pressures, with primary production (measured as Chl-a), as an impact, in coastal waters. This 
conceptual model is the basis of the FAN (phosphate-ammonium-nitrite) index, linked to ur-
ban continental influences, and the FLU (fluviality) index, linked to fluvial continental influ-
ences. These indexes enable assessments of the physicochemical state of coastal waters and 
were developed to distinguish between the anthropogenic and natural origins of continental 
pressures (nutrients) on coastal waters. As such, they indicate the risks of eutrophication and 
cultural eutrophication in the coastal waters of interest. Accordingly, in this thesis the fuzzy 
concept of the risk of cultural eutrophication is mainly linked to the presence of dissolved in-
organic nutrients of urban origin (phosphate, ammonium and nitrite). The chapter concludes 
with a proposal of an integrated assessment of coastal waters based on the FAN index and on 
Chl-a, applied to identify cultural eutrophication. (Thesis aims 2, 4, and 5).
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III. Chapter 3 provides a physicochemical and biological characterization of Catalan CIW over 
time, in a comparison with the outermost coastal waters and including the FAN and FLU index-
es as new variables. (Thesis aims 1, 4, and 5).
IV. In Chapter 4, the physicochemical variability of Catalan coastal waters is further charac-
terized, both spatially and temporally, emphasizing local scales. In addition, the results of the 
physicochemical assessment of coastal waters are provided, including water quality, fluviality, 
anthropogenic component of the trophic state, continental influences, and risks of eutrophi-
cation and cultural eutrophication. (Thesis aims 1, 4, and 5).
V. In Chapter 5, the land uses simplified index (LUSI) is presented. This index assesses the con-
tinental pressures measured on land and their influence on coastal waters. It is based on sys-
tematic information describing urban, industrial, agricultural, and riverine land uses, as they 
determine the nutrient loads and concentrations in continental freshwater inflows. LUSI also 
takes into account coastline morphology, which reflects the degree of confinement of coastal 
waters and therefore the potential for the dilution of continental nutrient-rich freshwater in-
flows. Therefore, LUSI is a proxy of the continental nutrient loads and concentrations reaching 
coastal waters. The assessment of continental pressures influencing coastal waters is used to 
establish a pressure-impact relationship between LUSI and Chl-a concentrations (as a proxy of 
biomass) for the Catalan coast, as mandated by the WFD for management purposes. (Thesis 
aims 1, 2, 4, and 5).
VI. Given the pressure-impact relationship between LUSI and the Chl-a concentration estab-
lished in the previous chapter, Chapter 6 presents a method to assess the ecological status 
of coastal waters based on phytoplanktonic biomass. This method relies on the distinction of 
coastal waters in terms of their salinity (typology), which is related to their nutrient availability, 
and their Chl-a concentration and can therefore also be used to assess the eutrophication of 
coastal waters. The utility of this method is demonstrated by an assessment of Catalan coastal 
waters. Several methods to assess the ecological status of coastal waters based on phytoplank-
ton communities were explored, even though none of them fulfilled the WFD’s requirements 
for management purposes. The chapter ends with a critical examination of the use of phyto-
plankton as a quality indicator. (Thesis aims 1, 2, 4, and 5).
Thesis structure
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Thesis structure
The thesis then offers a general discussion, in which the specific objectives not addressed by its chap-
ters since they rely on an integration of their findings are presented. With the work described herein, 
the black box of CIW has been opened almost completely, a clear definition of water quality in CIW 
has been established, and an integrated assessment of the Catalan coast provided. This assessment 
is the product of the conjointly results of the created methods and includes the assessment of cul-
tural eutrophication. Finally, the information needed to understand the structure and functioning of 
coastal waters is provided, as well as the scientific recommendations derived from this thesis, which 
will contribute substantially to the integrated management of the Catalan coast in the future, under 
the ecosystem approach.
The thesis concludes with a list of keypoints, which summarize its main results, methods, concepts, 
and considerations, and with general conclusions.
Thesis structure
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ABSTRACT
The physicochemical and biological characteristics of coastal waters form a gradient extending from 
land to ocean. In the Mediterranean this gradient is particularly large, due to the sea’s weak tides. With-
in coastal waters, those waters in contact with land are called coastal inshore waters (CIW), defined 
herein as between 0 and 200 m from the shoreline. Here we present the first physicochemical and 
biological characterization of CIW of the NW Mediterranean Sea. This case study is based on 19 years 
of data collected from coastal inshore (CIW; 0–200 m), nearshore (CNW; 200-1500 m), and offshore 
(COW; > 1500 m) waters of the Catalan coast.  Analyses of these data showed that the physicochemi-
cal and biological characteristics of CIW differ significantly from those of CNW and COW due to: i) sig-
nificantly higher concentrations of dissolved inorganic nutrients (nitrate=11.07µM, nitrite=0.52µM, 
ammonium=6.43µM, phosphate=0.92µM, silicate=5.99µM) and chlorophyll-a (=2.42µg/L) in CIW 
than in either CNW or COW (in some cases up to one order of magnitude); ii) a greater variability of 
dissolved inorganic nutrients and chlorophyll-a in CIW than in CNW and COW, and iii) the presence 
of a mostly urban population and the effects of river inflows as a primary source of CIW variability but 
with minimal impact on CNW or COW. In addition, the risk of eutrophication was found to be high-
est in CIW, placing human and environmental interests at greater risk than in the outermost coastal 
waters. The results highlight the importance of considering the distinctive physicochemical and bio-
logical properties of CIW in future coastal waters studies. This is of major importance in assessments 
of eutrophication and coastal water quality, not only to identify the pressure-impact relationships but 
also to allow the timely detection of local environmental problems and thus avoid endangering the 
unique communities of CIW and ensuring the sustainability of human activities. In conclusion, CIW 
characterisation is essential to integrate coastal zone management.
1.  INTRODUCTION
The coastal zone is a transitional area directly influenced by the characteristics and usage of the ad-
jacent land (Gazeau et al., 2004). Within these zones, the coastal waters are of ecological importance 
for several reasons, perhaps the most important being that they support 25% of global primary pro-
duction and 80% of global carbon production (UNEP, 1992). In addition, they sustain major socioec-
onomic activities, such as tourism, agriculture and fisheries (Springer et al., 1996; Cole and McGlade, 
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1998; San Vicente, 1999). However, with most of the world’s population living within 100 km of the 
coast (Gunnerson and French, 1996), coastlines have been severely modified by human activity to 
the extent that they are now one of the most highly threatened environments. 
The physical, biological, and biogeochemical characteristics of coastal waters form a gradient ex-
tending from land to ocean. While the characteristics of coastal waters at the seaward boundary 
typically do not significantly differ from those of ocean waters, this boundary is inherently variable, 
like its definitions: distance from the shore (e.g., Exclusive Economic Zones), bathymetric structures 
(e.g., those coinciding with the continental shelf or slope; Gazeau et al., 2004; Pickard, 1979), biotic 
distributions or processes (Gibbs et al., 2006), hydrographic structures (Gibbs et al., 2006), etc. Adja-
cent to the landward boundary of coastal waters are the coastal inshore waters (CIW), which extend 
from the shoreline for only 200 m. As such, CIW represent < 1% of  coastal waters; nonetheless, they 
comprise a habitat with unique features and dynamics: i) CIW reflect direct continental inflows from 
surface runoff, groundwater, and river water; ii) they are characterized by extremely dynamic physic-
ochemical and biological processes, highly distinctive gradients, and a wide-ranging spatio-tempo-
ral heterogeneity; and iii) CIW give rise to numerous intertidal and subtidal biological communities 
witch live in highly sensitive habitats.
The unique features of CIW are further exaggerated in the Mediterranean Sea for several reasons, 
including: i) the Mediterranean sea is micromareal (Masselink and Short, 1993) and its low tidal rang-
es (20-40 cm; Day et al.,1995) hinder the dilution of continental inflows; ii) the oligotrophic status 
of the Mediterranean Sea (Estrada, 1996; D’ortenzio and Ribera d’Alcalà, 2009) enhances differences 
between its oceanic waters and CIW, which are more likely to become eutrophic; and iii) the intense 
population density along most of the Mediterranean (20–1000 inhabitants/km²; Saliot, 2005) drasti-
cally impacts CIW, further contributing to their eutrophication. These features intensify the physico-
chemical and biological processes taking place in CIW and lead to the formation of steeper gradients 
between these and oceanic waters in the Mediterranean Sea.
The literature contains few intensive and long-term studies aimed at a physicochemical and biologi-
cal characterization of Mediterranean coastal waters. Generally, studies are based on single or month-
ly cruises carried out over a period of one or two years, or the data are provided as complementary 
information (Coste et al., 1972; Iganatiades et al., 1985; El Sayed et al., 1994; Soler Torres and del Río, 
1995; Caroppo et al., 2001; Le blanc et al., 2003; Spatharis et al., 2008; Lucena-Moya et al., 2009; Gua-
dayol et al., 2009; Spatharis and Tsirtsis, 2010; Puigserver et al., 2010). Moreover, CIW have been large-
ly ignored, with little information except from studies investigating river plumes or human health, 
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which tend to include physicochemical data (EC, 1976; Romero et al., 2001, Troussellier et al., 2002).
In the NW Mediterranean, current evidence suggests that the physicochemical and biological char-
acteristics of the CIW differ greatly from those of the outermost coastal waters. Moreover, this dis-
similarity could reflect a larger impact of natural processes and anthropogenic activities in CIW. As a 
result, the assumption regarding the overall oligotrophic condition of the Mediterranean would be 
rejected in CIW, with a predominance of eutrophic conditions, and new implications in management 
would arise.
The aim of the present study was to characterize the CIW of the NW Mediterranean Sea and to relate 
the variability of these waters to natural and anthropogenic factors. This case study made use of a da-
taset containing physicochemical and biological information derived from 15 478 entries collected 
from the Catalan coast between 1990 and 2010. It is meant to be representative of the greater NW 
Mediterranean Sea. Our results contribute to a comprehensive understanding of the ecological dy-
namics of CIW, which is an essential step in successfully achieving an integrated approach to coastal 
zone management.
2.  MATERIALS AND METHODS
2.1. Study area
The Catalan coast (Figure 1) is located between 3° 19’ 59,94” E and 42° 29’ 0,09” N and between 0° 9’ 
41, 69” E and 40° 31’ 27,56”N and it is representative of the NW Mediterranean coast in terms of geog-
raphy, demography and socioeconomic development. 
The Catalan coastal zone occupies 7257.50 km2 (ACA, 2005) and delimits the Mediterranean Sea over 
870.0 km (IDESCAT, 2010). The climate in this area is typically Mediterranean, with moderate temper-
atures (mean annual range: 9–24ºC) and irregular precipitation (mean annual range: 500–700 mm) 
throughout the year (Soler Temprano, 2010). Southwesterly winds are dominant along the coast, but 
in the northern and southern parts northerly and northwesterly winds, respectively, are common 
(ACA, 2005). The continental topography ranges from rocky and steep to sandy and flat, with some 
deltaic areas, the most important of which is the Ebre delta (Serra and Canals, 1992). The underwater 
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topography is complex: the continental shelf is usually narrow (average = 15-20 km, Maldonado, 
1995) but wide along its border with the Ebre delta (maximum = 54.5 km) and almost non-existent 
(minimum = 1.6 km) in front of several canyons located along the coast (Platonov, 2002). Coinciding 
with the end of the continental shelf is the Catalan front, where considerable diff erences in salinity 
have been reported (Font et al., 1988). The general surface circulation is due to the Liguro-Provençal 
current, which moves from the northeast towards the southwest, while close to the shore local su-
perfi cial currents move towards the northwest or southwest (IMPRESS). As noted above, the tidal 
range is small and the sea weather, according to the Douglas scale, is typically described as slight and 
occasionally as rough or very rough, with most storms occurring during autumn (IMPRESS). 
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Catalan watersheds consist of ephemeral streams, nine medium to small rivers, and the Ebre River in 
the south, all of which open directly into the Mediterranean Sea. The Ebre River drains a watershed 
of 84 230 km², with a mean water discharge at the river’s mouth of 416 m³/s (Ludwig et al., 2009). 
Other major rivers in the nation drain an area of 13 400 km² and have a mean water discharge of 
0.3–16.3 m³/s (Liquete et al., 2009). Land use diff ers along the river basins, with agriculture accounting 
for 9.6–51%, forests for 18.5–56.6%, and urban areas for 1–19.1% (Losada, 2006; Liquete et al., 2009). 
Agricultural land use is relatively important in southern river basins and urbanization in central ones. 
In terms of surface area, 10.7% of the coastal zone is urbanized (BCF, 2010), with 3 955 864 inhabitants 
(IDESCAT, 1996). However, the population density is highly variable along the coast: 33 inhabitants/
km² in the Ebre basin (Ferré, 2007) and 1425 habitants/km² in metropolitan Barcelona (IDESCAT, 1996). 
Based on the size of the coastal population and on water infl ows from the continent and their origins 
(river waters or treated wastewaters), the Catalan coast can be divided into three regions (Figure 1): 
the central region is strongly aff ected by human pressure and thus by waste water pressure; in the 
southwest region, river infl ows are greatest; while the northeast region is subject to less pressure in 
terms of river infl ows and human population.
2.2. Sampling strategy and laboratory methods 
Since 1990, a physicochemical survey has been conducted in Catalan coastal waters following an 
agreement between the local water agency and the Marine Science Institute. From 1990 to 2010, 252 
stations were sampled along the entire Catalan coastal waters at specifi c distances from the shoreline 
(Figure 1): 35 stations were sampled at 5000 m from the shore, 81 stations at 1500 m, and 136 stations 
between 0 and 200 m depending on the depth (< 2 m depth). These stations were representative 
of three areas of coastal waters: coastal off shore waters (COW; > 1500 m), coastal nearshore waters 
(CNW; 200-1500 m) and CIW (Figure 2). During this period, not all stations were annually sampled due 
to changes in the sampling strategy, in order to optimize the survey, or due to economic constraints. 
Figure 1  ·  Map of the Catalan Coast. The main characteristics of the land, coastline (black line), 
urban areas (brown), and rivers (blue) defi ne three regions: northeast, central, and southwest. 
For coastal waters, bathymetry (meters depth; gray), water bodies (WBs, black-framed polygons), 
and sampling stations are indicated. The color code used for the sampling stations indicates 
the coastal water area where they are located: green for coastal inshore waters (CIW), purple for 
coastal nearshore waters (CNW), and orange for coastal off shore waters (COW).
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Shore Sea level 
CIW 
(< 200 m) 
CNW 
(1500 m) 
COW 
(5000 m) 
Oceanic waters Coastal waters 
Continental shelf 
Continental 
slope 
When possible, COW and CNW stations were sampled every three months by boat. CIW stations were 
sampled every 3 months, monthly or weekly, depending on the season, and were accessible from 
shore. At each of the 252 stations, surface salinity was directly measured using the Practical Salinity 
Scale and a WTW probe (model 315). Chemical and biological parameters were determined from 
samples of surface seawater (0.5 m). Dissolved inorganic nutrients were measured in 50-mL subsam-
ples that had been frozen upon their arrival in the laboratory. Nitrate (NO3), nitrite (NO2), ammonium 
(NH4), phosphate (PO4), and silicate (SiO4) concentrations were determined with an autoanalyzer 
(Alliance Evolution II) following colorimetric techniques (Grasshoff et al. 1983). Total chlorophyll-a 
(Chl-a) was quantified in in 60-mL (CIW) and 180-mL (CNW and COW) subsamples filtered through 
25-mm Whatman GF/F glass-fiber filters that were stored frozen. The filters were subsequently ex-
tracted in 8 mL of 90% acetone for 48 h, and concentrations of Chl-a were measured with a Turner 
Designs fluorometer following the method of Yentsch and Menzel (1963).
 
2.3. Data processing and statistics
The dataset comprised 15 478 entries. For each CIW station sampled weekly over certain periods, 
monthly means of salinity, dissolved inorganic nutrients, and Chl-a were calculated for each of the 
study years. These mean data replaced the corresponding raw data in the entire dataset in order to 
Figure 2  ·  Outline of coastal waters. The three areas defined in this study for the Catalan coast 
are shown: CIW (coastal inshore waters), CNW (coastal nearshore waters), and COW (coastal 
offshore waters). Distances of the sampling stations from the shore are indicated.
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avoid seasonal bias, such that 15 077 entries were available for statistical analysis. 
Variables were not normally distributed, as is typical for environmental data (Legendre and Legendre, 
1979), but due to the large number of dataset entries parametric statistics was applied (Pólya, 1920). Prior 
to the statistical analyses, the salinity data were transformed into a new variable, freshwater content [FW-
C=1000-{(1000*salinity)/38.4}], with 38.4 fixed as the maximum salinity value of the Catalan coast. In addi-
tion, all variables were transformed [v’=log10(v+1)], as is usually done for environmental data (Cassie, 1962; 
Legendre and Legendre, 1979; Heyman et al., 1984; Zar, 1984). The level of significance was set at p< 0.01 
to minimize the possibility of accepting the null hypothesis (Ho) as false (type II error, Underwood, 1997).
The three areas of the Catalan coastal waters (COW, CNW, and CIW) were compared by applying: 
i) multiple analysis of variance (MANOVA) using Wilk’s lambda test, ii) the corresponding univariate 
tests for each variable, and iii) the Bonferroni test for post-hoc comparisons. 
Factor analysis was carried out to objectively define relationships among variables. The principal 
components approach was selected as the extraction method, with the Kaiser criterion (1960) used 
to guide factor selection, followed by a varimax raw rotation (Kaiser, 1958). Significant factor loading 
values ≥ 0.7 were used to identify the most important variables describing the extracted factors, 
according to Hair et al. (1999). Three references, representing three extreme conditions, were used to 
validate the results. The three conditions were: no continental influences (surface oceanic Mediterra-
nean waters) (Segura, 2007), influenced by fluvial inflows (Ter River; N=562), and influenced by urban 
inflows (Barcelona beach; N=412). 
To present the spatial variability of both the non-transformed variables and the factors obtained in 
the factor analysis, maps were drawn fitting a surface to the xyz coordinate data according to the 
distance-weighted least squares smoothing procedure, with a stiffness of 0.25. 
All statistical analyses were carried out using STATSITCA 6.1 data analysis software (StatSoft, 2003).
3.  RESULTS
3.1. Differences in the physicochemical and biological 
      variables of CIW, CNW, and COW
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Median salinity values increased with distance from the shore (Figure 3a), while median Chl-a and 
dissolved inorganic nutrient concentration values decreased (Table 1 and figure 3). The median val-
ues of Chl-a, NO3, NO2, NH4, and SiO4 were one order of magnitude higher in CIW than in COW. For 
NO3 (Figure 3b), SiO4 (Figure 3c), and NH4 (Figure 3d) the median values declined dramatically from 
CIW to CNW but decreased only slightly from CNW to COW. Median PO4 (Figure 3e) values were also 
much lower from CIW to CNW but were maintained between CNW and COW. For NO2 (Figure 3f ) and 
Chl-a (Figure 3g), the median values decreased more gradually from CIW to COW. 
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CIW 10344 36.54 3.81 0.40 34.50 36.90 37.70 38.00 38.20 38.40
CNW 1004 37.49 1.15 24.59 36.40 37.55 37.82 37.99 38.12 38.40
COW 415 37.72 0.74 31.19 37.44 37.67 37.83 37.99 38.17 38.40
Ch
lo
ro
-
ph
yl
l-a
 
(µ
g/
L)
CIW 11491 2.42 4.93 0.01 0.33 0.61 1.20 2.60 5.00 134.75
CNW 1002 0.77 0.87 0.01 0.10 0.24 0.53 0.97 1.73 7.16
COW 422 0.37 0.48 0.01 0.04 0.08 0.21 0.49 0.77 3.77
N
O
3-
 N
i-
tr
at
e 
(µ
M
) CIW 12291 11.07 35.07 0.00 0.77 1.67 3.70 7.10 19.89 917.28
CNW 1037 2.55 6.14 0.00 0.10 0.24 0.72 2.12 5.90 94.57
COW 437 2.09 7.13 0.01 0.09 0.20 0.49 1.53 4.09 114.30
N
O
2-
 N
i-
tr
ite
 (µ
M
) CIW 11912 0.52 2.48 0.00 0.07 0.12 0.22 0.40 0.75 161.42
CNW 1038 0.22 0.55 0.01 0.03 0.06 0.13 0.25 0.43 13.86
COW 438 0.15 0.16 0.00 0.03 0.05 0.09 0.21 0.34 1.61
NH
4-
    
  
Am
m
on
iu
m
 
(µ
M
)
CIW 11912 6.43 47.31 0.01 0.12 0.63 1.40 2.87 5.94 1943.20
CNW 1038 1.53 10.88 0.01 0.12 0.25 0.60 1.19 2.10 335.17
COW 438 0.68 0.71 0.01 0.09 0.21 0.46 0.90 1.57 5.22
PO
4-
  P
ho
s-
ph
at
e (
µM
) CIW 12350 0.92 6.17 0.01 0.11 0.19 0.32 0.63 1.47 568.62
CNW 1038 0.17 0.41 0.00 0.03 0.06 0.10 0.16 0.27 8.69
COW 438 0.15 0.14 0.01 0.04 0.06 0.11 0.18 0.26 1.33
Si
O
4-
 S
ili
-
ca
te
 (µ
M
) CIW 10364 5.99 11.99 0.01 0.87 1.52 2.67 5.12 12.25 248.05
CNW 1036 1.97 3.71 0.02 0.25 0.52 0.96 1.92 4.37 52.37
COW 436 1.45 4.19 0.01 0.19 0.41 0.76 1.57 2.36 80.96
TABLe 1  ·  Main statistical parameters of the variables for each coastal water area. CIW: coastal 
inshore waters (0–200 m from the shore), CNW: coastal nearshore waters (1500 m), and COW: 
coastal offshore waters (5000 m).
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Figure 3  ·  Box plots of variables along coastal 
waters areas: a) salinity, b) NO3, c) SiO4, d) NH4, 
e) PO4, f ) NO2, and g) Chl-a. The median value 
is presented as the middle square; the box 
represents the 25th and 75th percentiles, and 
the whiskers the 10th and 90th percentiles.
a b
c d
e f
g
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For all variables, the ranges between the 10th and 90th percentiles were higher in CIW than in CNW 
or COW, with a 2- to 6-fold difference depending on the variable and the  areas compared. Both the 
MANOVA and the univariate results for each variable indicated significant differences among the 
three areas of coastal waters (Table 2). Bonferroni test results, as post-hoc comparisons, demonstrat-
ed significant differences for all variables between CIW and the other two areas of coastal waters 
whereas a comparison between CNW and COW showed significant differences only for Chl-a. 
Test Variable Area p
Multivariate All CW 0.00000
Univariate
Salinity CW 0.00000
Chlorophyll-a (µg/L) CW 0.00000
NO3-Nitrate (µM) CW 0.00000
NO2-Nitrite (µM) CW 0.00000
NH4-Ammonium (µM) CW 0.00000
PO4-Phosphate (µM) CW 0.00000
SiO4-Silicate (µM) CW 0.00000
Post-hoc
Salinity
CIW - CNW 0.00000
CIW - COW 0.00000
CNW - COW 1.00000
Chlorophyll-a (µg/L)
CIW - CNW 0.00000
CIW - COW 0.00000
CNW - COW 0.00000
NO3-Nitrate (µM)
CIW - CNW 0.00000
CIW - COW 0.00000
CNW - COW 0.14932
NO2-Nitrite (µM)
CIW - CNW 0.00000
CIW - COW 0.00000
CNW - COW 0.15797
NH4-Ammonium (µM)
NH4-Ammonium (µM) 0.00000
CIW - COW 0.00000
CNW - COW 0.02320
TABLe 2  ·  Significance (p values) of the univariate, multivariate, and post-hoc tests. The variable 
and the area used are indicated. CW: Coastal waters (0–5000 m from the shore), CIW: coastal 
inshore waters (0–200 m), CNW: coastal nearshore waters (1500 m) and COW: coastal offshore 
waters (5000 m).
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3.2. Spatial distribution of physicochemical and                        
biological variables
Analyses of spatial distributions along the coast (Figure 4) showed that the highest variability occurred 
in CIW rather than in CNW and COW. Regarding salinity (Figure 4a), minimum values were detected 
in the CIW of the southwest region and intermediate values in the CIW of the northeast as well as in 
the CNW and COW of the southwest. The distribution of SiO4 (Figure 4b) was the opposite of that of 
salinity, with high values in the CIW of the southwest region and intermediate values in the CIW of the 
northeast and in the CNW and COW of the southwest. NO3 (Figure 4c) values were intermediate along 
all CIW but high in the upper part of the central region and in the southwest region. In the southwest, 
NO3 values were intermediate in CNW and COW. The NH4 distribution (Figure 4e) followed a different 
pattern, with high values detected in CIW of the central region and intermediate values throughout 
CIW as well as in CNW of the central region. The PO4 (Figure 4f ) distribution was similar to that of NH4 
but intermediate values were additionally present in CIW of the northeast region. NO2 (Figure 4d) dis-
tribution followed the same pattern as PO4 except that intermediate values were also present in CIW 
of the southwest region. Lastly, the spatial distribution of Chl-a (Figure 4g) reached high values in the 
CIW of the bottom part of the central region and throughout the entire southwest region. Intermedi-
ate values occurred along the coast in CIW and in the CNW of the southwest region.
 
Post-hoc
PO4-Phosphate (µM)
CIW - CNW 0.00000
CIW - COW 0.00000
CNW - COW 1.00000
SiO4-Silicate (µM)
CIW - CNW 0.00000
CIW - COW 0.00000
CNW - COW 0.01339
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Figure 4  ·  Spatial 
distribution of variables 
along the three areas of 
coastal waters and the three 
regions of the Catalan coast: 
a) salinity, b) NO3, c) SiO4, d) 
NH4, e) PO4, f ) NO2, and g) 
Chl-a. Note that the scale 
along the x axis is artificially 
elongated and thus not 
the same as that along the 
y axis. CIW: coastal inshore 
waters (0–200 m from 
the shore), CNW: coastal 
nearshore waters (1500 
m), COW: coastal offshore 
waters (5000 m).
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3.3. Factor analysis
Factor analysis extracted two significant factors that explained, respectively, 35% and 34% of the vari-
ance (Figure 5). Factor one was defined by NH4, PO4, and NO2, and factor two by SiO4, NO3, and FWC, 
with all variables grouped along the positive part of their respective axes. Based on a value of 0.7 as 
the boundary to define explicative variables, Chl-a did not play an important role as a descriptor for 
either axis. Factor analysis showed quantitative differences between CIW, CNW, and COW, as depicted 
in figure 6. CIW were located on the positive part of both axes, and CNW and COW on the negative 
parts, close to each other but far from CIW. A comparison between these coastal waters areas and 
the other references was also plotted. Figure 6 shows that CNW and COW are similar to surface oce-
anic Mediterranean waters while the features of CIW are between those of coastal fluvial and coastal 
urban waters. 
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Figure 5  ·  Variables plotted in the two-dimensional space defined by factors one and two, 
extracted by factor analysis. Factor 1, related to urban influence, is plotted on the x axis and factor 
2, related to fluvial and agricultural influences, on the y axis.
Spatial variability 
61
Spatial distributions of the two extracted factors (Figure 7) showed that the highest variability was in 
CIW rather than in CNW or COW. According to the spatial distribution of factor one (Figure 7a), high 
values occurred in the central region and intermediate values in the northeast and central regions for 
CIW. Intermediate values were also determined for CNW in the central region. High values of factor 
two (Figure 7b) were detected in the CIW and CNW of the southern region, with intermediate values 
for CIW all along the coast and for CNW and in COW in the southwest region. 
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Figure 6  ·  Coastal waters areas and references plotted in the two-dimensional space defined 
by factors one and two, extracted by factor analysis. Factor 1, related to urban influence, is plotted 
on the x axis and factor 2, related to fluvial and agricultural influences, on the y axis.
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Figure 7  ·  Spatial distribution of the two factors extracted by factor analysis along the three 
areas of coastal waters and the three regions of the Catalan coast: a) Urban influence (factor 
1) and b) fluvial and agricultural influences (factor 2). The scale along the x axis is artificially 
elongated and is thus not the same as that along the y axis. CIW: Coastal inshore waters (0–200 m 
from the shore), CNW: coastal nearshore waters (1500 m), COW: coastal offshore waters (5000 m).
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4.  DISCUSSION 
The Mediterranean Sea is generally considered to be oligotrophic. However, the characteristics of the 
Mediterranean’s coastal waters, and especially the sea’s innermost waters, the CIW, for the most part 
strongly differ from those of its oceanic waters, as evidenced by the high concentrations of dissolved 
inorganic nutrients and Chl-a. Indeed, Mediterranean CIW are in many ways similar to productive are-
as, such as Atlantic upwellings (Loureiro, accepted), Atlantic embayments (or rias) (Prego et al., 2007), 
the Adriatic (Mozetic, 2010), and Mediterranean bays and lagoons (Delgado and Camp, 1987) (Table 
3).This is in contrast to the assumption that the Mediterranean Sea is oligotrophic near its shore.
Variable
Mediterra-
nean CW
Atlantic 
upwelling 
Atlantic 
embay-
ment 
Mediterrane-
an Lagoon
Mediterra-
nean Bay
CiW
Chlorophyll-a 
(µg/L)
0.36 1.57 5.03 2.19 2.90 2.42
NO3-Nitrate 
(µM)
0.28 1.66 2.75 19.22 6.46 11.07
NO2-Nitrite 
(µM)
0.07 0.23 0.29 1.26 0.53 0.52
NH4-Ammo-
nium (µM)
0.38 0.77 1.82 6.44 1.61 6.43
PO4-Phos-
phate (µM)
0.13 0.24 0.51 0.16 0.17 0.92
SiO4-Silicate 
(µM)
0.76 5.25 4.24 38.14 6.89 5.99
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TABLe 3  ·  Mean values of Chl-a, salinity, NO3, NO2, NH4, PO4 and SiO4 in different areas of the 
Mediterranean and the Atlantic.
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As confirmed in this study, coastal waters are not homogeneous but can be divided into different areas, 
with CIW located closest to the shore and highly distinct from CNW and COW. In Catalan CIW, nutrient 
and Chl-a concentrations were significantly higher than in CNW and COW, which significantly differed 
from each other in their Chl-a but not in their dissolved organic nutrient concentrations (Tables 1 and 
2). This study is the first attempt to characterize the CIW of the NW Mediterranean and is based on a 
considerable amount of data obtained over a long period. A comparison of our results with those from 
other long-term (>3 years) studies of the Mediterranean previously reported in the literature showed 
a higher order of magnitude of NO3 concentrations and lower or higher orders of magnitude of PO4 
concentrations in the Catalan Sea than in the Aegean Sea, for which only CNW and COW data are 
available (Ignatiades, 1992; Moncheva, 2001). In addition, we determined lower orders of magnitude of 
Chl-a, NO3, NH4, and SiO4 in the Catalan Sea than in the Adriatic Sea (Mozetic, 1998; Zaldívar, 2003). Even 
though data for CIW of other Mediterranean regions are lacking, concentrations of Chl-a and dissolved 
inorganic nutrients are also likely to be higher in these areas than in the outermost coastal waters.
This study is also the first attempt to relate CIW variability to specific natural and anthropogenic 
factors. CIW receive direct continental inflows whose dilution is limited along the coast due to the 
weak tides of the Mediterranean Sea. By contrast, in CNW and COW continental inflows arrive highly 
diluted. This difference in dilution accounts for the physicochemical and biological gradient (up to 
6-fold) between CIW and waters located further offshore (Figure 3), as previously described (Duarte 
et al., 1992; Olivos et al., 2002). Moreover, this gradient does not change linearly with distance to the 
shoreline; rather, the high concentrations of dissolved inorganic nutrients and Chl-a of CIW show an 
initially steep drop-off, until 1500 m, decreasing gradually between 1500 m and the boundary with 
oceanic waters. Therefore, from the shoreline to approximately 1500 m offshore, or even closer, there 
is a very strong gradient, as also reported by Gazeau et al. (2004), and the greatest discontinuity be-
tween CIW and oceanic waters.  
Furthermore, CIW are distinguished by a high variability in dissolved inorganic nutrients and Chl-a 
along the coast (Figure 4). This variability can be explained by heterogeneities in both the quantity 
and the nature of the continental inflow. 
For instance, inflows in the northeast region derive from small rivers while those in the southwest 
comes from the Ebre River and are much larger (13 119 hm3 year-1; Ludwig et al., 2009), thus also 
reaching CNW and COW. In addition, CIW reflect adjacent land use, such as agricultural activities and 
urbanization. NO3 levels are related to freshwater inputs from the land, particularly to the amount of 
agriculture. NH4, PO4, and NO2 reach high concentrations along the coast of metropolitan Barcelona. 
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This is consistent with the fact that, along the Catalan coast, metropolitan Barcelona area has the 
highest population density (1425 habitants km-², IDESCAT, 1996) such that its CIW receive the largest 
volume of treated wastewaters (350 hm3 year-1; Medi Ambient, 2003). Of equal importance in CIW 
variability is the arrival point of the continental inflow, since the dilution of inflows into CIW is modu-
lated by the coastal morphology. Nutrient enrichment in CIW is therefore especially high in enclosed 
or semi-enclosed areas, such as estuaries (Loureiro et al., 2009), commercial ports (Van Lenning et al., 
2007), and protected beaches (Garcés et al., 1999).
Factor analysis objectively defines the relationships among variables. According to our analysis (Fig-
ure 5), factor one grouped NH4, PO4, and NO2 and described a gradient related to urban influences, 
while factor two grouped SiO4, NO3, and FWC and described a gradient related to fluvial as well as 
agricultural influences due to the NO3 enrichment typical of most European rivers (Crouzet et al., 
1999; Ludwig et al., 2009). Therefore, factor analysis defined a two-dimensional space that contained 
information about the main continental influences and allowed the different coastal waters areas to 
be plotted. This space enabled quantitative comparisons of CIW, CNW, and COW and identified the 
influences that distinguish them. CIW localized to the positive part of the two axes, reflecting the 
stronger dependence of these waters on continental pressures, both anthropogenic and natural, 
whereas CNW and COW localized along the negative part of the two axes, relatively close to each 
other but far removed from CIW. Thus, CNW and COW are poorly dependent on continental influenc-
es. A comparison of the three coastal waters areas examined in this study with other Mediterranean 
references reinforced these results, showing that CNW and COW are more closely related to surface 
oceanic Mediterranean waters and CIW to coastal fluvial and coastal urban waters (Figure 6). Further-
more, the spatial distributions of factors one and two pointed to a higher variability within CIW. High 
values indicative of urban influence occurred along the metropolitan Barcelona area, while those 
indicative of fluvial and agricultural influences were present in the southwest region of CIW, near the 
Ebre River. Both distributions were consistent with their defining variables and with continental char-
acteristics (population density and continental inflows). A comparison of these spatial distributions 
(Figure 7) with the distribution based on the Chl-a data showed an important overlap between them. 
That is, the main continental influences, metropolitan Barcelona and the Ebre River, were represent-
ed, approximately, in the spatial distribution of Chl-a, whose formation, in turn, was reflected by the 
presence of dissolved inorganic nutrients, independently of their source. This finding is relevant to 
eutrophication assessments using Chl-a as a proxy of phytoplankton biomass. In such cases, it would 
be relevant to establish the origin of the biomass since it would guide subsequent actions to improve 
the quality of coastal waters.
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Although they comprise only a small area of the Mediterranean Sea, CIW are of major importance 
for humans in terms of socioeconomic interests. The intensive use of CIW has led to the enactment 
of laws mainly aimed at protecting human health (Water Bath Directive; EC, 1976). However, CIW are 
also environmentally significant, as they are the habitat of shoreline biological communities, which 
are the most endangered in the marine ecosystem. Indeed, the environmental importance of these 
communities has been recognized in a series of European directives (Water Framework Directive; EC, 
2000; Marine Strategy Framework Directive; EC, 2010). This study has demonstrated that  the risk of 
eutrophication is highest in the innermost coastal waters. In fact, nutrient concentrations of Catalan 
CIW are sufficient to allow high primary production and, under the proper conditions of confinement 
and water column stability, to promote the formation of algal blooms (Garcés and Camp, 2011). Con-
sequently, both human and environmental interests are at greater risk in CIW than in the outermost 
coastal waters of the Mediterranean Sea.
The results of this study have important implications in coastal management. Firstly, the distinctive 
physicochemical and biological properties of CIW must be taken into account in assessments of 
eutrophication and coastal water quality. Secondly, the existence of a strong gradient in the Medi-
terranean coastal waters makes it essential to set standards in sampling frequency and distances in 
order to avoid overlooking local environmental problems, which are common in the Mediterranean 
Sea and in seas with similar characteristics (e.g., low tidal ranges). Sampling strategies in monitoring 
programs do not usually consider CIW. This leads - for example, within the implementation of the 
Water Framework Directive - to erroneous conclusions regarding the environmental quality of Med-
iterranean coastal waters and thus to the failure to implement corrective actions. Thirdly, CIW char-
acteristics have to be considered in identifications of pressure-impact relationships, as a key aspect 
of management utility. In the Mediterranean, these relationships are difficult to detect beyond CIW, 
as parameters describing continental influences overlap with those of oceanic waters, being the last 
ones usually unrelated to anthropogenic pressures. Fourthly, CIW sustain major socioeconomic activ-
ities and are of overall importance for humans, thus an effective coastal zone management including 
CIW is necessary to ensure the sustainability of these activities. Fifthly, CIW give rise to numerous 
intertidal and subtidal biological communities that do not exist in any other region of the sea and 
are affected by exclusively CIW physicochemical processes. The failure to specifically consider CIW 
in coastal management is tantamount to ignoring these habitat and its communities and thus to 
risk dramatically compromising their future. Finally, our conclusions can be extended not only to the 
Mediterranean Sea but to seas and oceans worldwide, since the proper characterization of CIW is 
essential to achieving an integrated approach to effective coastal zone management.
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5.  CONCLUSIONS 
Along the Catalan coast, significantly larger concentrations of dissolved inorganic nutrients and Chl-a 
are found in CIW than in CNW or COW. This difference (in some cases up to one order of magnitude) 
is accompanied by a higher variability that is largely accounted for by two main continental factors: 
i) the presence of an urban population and ii) riverine and agricultural inflows. While the Mediter-
ranean Sea is generally considered to be oligotrophic, this study reveals that the CIW of the NW 
Mediterranean are at high risk of eutrophication, thus endangering both human and environmental 
interests. Therefore, the distinctive physicochemical and biological properties of these waters, locat-
ed between 0 and 200 m from the shoreline, must be taken into account in future studies of coastal 
waters. This is of major importance in assessments of eutrophication and coastal water quality, not 
only to identify the pressure-impact relationships but also to allow the timely detection of local envi-
ronmental problems and thus avoid endangering the unique communities of CIW and ensuring the 
sustainability of human activities. In conclusion, CIW characterisation is essential to integrate coastal 
zone management. 
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ABSTRACT
There are multiple approaches to assess nutrients, eutrophication, and water quality within marine 
environments. However, none of them offers the possibility to distinguish between the natural and 
anthropogenic origins of nutrients and thus between natural and cultural eutrophication, which is key 
to management planning. A previous study stated that main pressures on coastal waters were conti-
nental influences, which trigger the production of chlorophyll-a (Chl-a), and distinguished between 
their urban vs. fluvial origins. These influences are assumed herein to be of anthropogenic and natural 
origins, respectively. The FAN (Phosphate-Ammonium-Nitrite) and FLU (FLUviality) indexes method 
relies on the previous findings and on this assumption. This new approach allows the continental 
pressures of anthropogenic and natural origin influencing coastal waters to be distinguished, thereby 
filling an important methodological gap. The FAN index mainly reflects phosphate, ammonium, and 
nitrite levels and describes a gradient related to urban continental influences, and thus to the anthro-
pogenic component of the trophic state and water quality. The FLU index mainly reflects silicate and 
nitrate levels as well as the freshwater content (inverse of salinity), thus describing a gradient related 
to fluvial continental influences. The method also provides for the quantification of the respective 
pressures and the assessment of the physicochemical state of the affected waters. In doing so, it al-
lows an evaluation of the risks of eutrophication and cultural eutrophication of coastal waters as well. 
The method was developed and validated using the time series dataset from the Catalan coast, NW 
Mediterranean (1994–2014). The method’s conceptual model, description, requirements, and proto-
col are described, and its advantages and shortcomings as well as its applicability are discussed herein. 
An assessment of the relationships between continental influences and eutrophication proxies [The 
trophic index, TRIX, Vollenweider et al. (1998); and the Chl-a concentration] revealed that continental 
influences, measured by the FAN and the FLU indexes, were highly correlated with both proxies. There-
fore, the method presented here represents a valid alternative to the use of the TRIX, since the FAN and 
FLU indexes are independent of Chl-a concentrations, unlike the TRIX. Finally, an integrated assess-
ment of coastal waters based on the FAN and FLU indexes and the Chl-a concentration is proposed. 
This assessment allows natural sources of nutrients to be distinguished from anthropogenic ones that 
enhance the Chl-a concentration, thereby leading to natural and cultural eutrophication, and, thus 
the design of actions aimed at diminishing the human impact on coastal waters and restoring their 
natural state. This integrated assessment provides the essential cornerstone for decision-makers and 
the opportunity to successfully achieve an integrated approach to coastal zone management (ICZM). 
Therefore, not only does this method have broad scientific applicability, providing comprehensive 
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knowledge of coastal systems, but by being used within the driving forces, pressures, states, impacts 
and responses (DPSIR) framework, it is also relevant at the administrative level. In particular, it can 
be used in ecosystem analyses and in the implementation of environmental laws such as the Water 
Framework Directive and the Marine Strategy Framework Directive.
1. INTRODUCTION
The term eutrophication has its roots in two Greek words; eu, which means well, and trope, which 
means nourished. According to Ferreira et al. (2011): Eutrophication is a process driven by enrichment 
of water by nutrients, especially compounds of nitrogen and/or phosphorus, leading to: increased growth, 
primary production and biomass of algae; changes in the balance of organisms; and water quality degra-
dation. The consequences of eutrophication are undesirable if they appreciably degrade ecosystem health 
and/or the sustainable provision of goods and services. Scientific concern regarding eutrophication dates 
to the 1960s. At an international symposium on eutrophication, held in 1967 in Madison, Wisconsin 
(USA), the global state of knowledge of eutrophication processes was discussed along with recom-
mendations for their effective management and for future research (Rohlich, 1969). Since then, the 
negative effects of eutrophication have become of increasing concern. By 1992 it was recognized that 
eutrophication, including in coastal areas (Colombo et al., 1992), was the oldest water quality problem 
created by humankind (Vollenweider, 1992). The first comprehensive studies on eutrophication were 
published in 1969, as part of the proceedings of the 1967 symposium (National Academy of Sciences, 
1969), and were followed by several studies in the 1970s (Bayley et al., 1978; Fonselius, 1970, 1972; 
Genovese, 1974; Ryther and Dunstan, 1971). The number has grown steadily ever since, such that, 
according to the Web of Science, in 2016 there were 287 published articles related to eutrophication 
and marine topics (Web of Knowledge, 2017). In the 21st century, the scientific community has gone 
one step forward and no longer considers eutrophication to simply be an environmental issue but 
part of a comprehensive framework shaped by driving forces, pressures, states, impacts, and respons-
es, DPSIR (Borja et al., 2006; Bricker et al., 2003; Civili, 2004; Garmendia et al., 2012; Karageorgis et al., 
2005; Langmead et al., 2009; Newton et al., 2003; O’Higgins et al., 2014; Pirrone et al., 2005; Scheren 
et al., 2004). Moreover, scientific concern about eutrophication in marine environments has reached 
administrative levels as well as the consciousness of the general public, leading to support for and the 
adoption of policies aimed at diminishing its negative effects. According to the European Environ-
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ment Agency, there are 14 policy documents related to the indicator Nutrients in transitional, coastal 
and marine waters (European Environment Agency, 2015), including six directives and four documents 
for the protection of European seas (Table 1). These policy documents are proof of the current impor-
tance of eutrophication in European waters.
Multiple approaches are used to assess nutrients, eutrophication, and water quality within marine 
environments, all of which have advantages but also disadvantages (Kitsiou and Karydis, 2011; Vounat-
sou and Karydis, 1991). These approaches can be classified depending on the variables used, while 
taking into account their strengths and weaknesses (Karydis, 2009). Some approaches are based only 
on chemical variables, such as nutrients concentrations or their ratios. Others are more complex and 
rely on physical, chemical, and biological variables. These approaches include, for instances, water 
clarity, dissolved oxygen, and chlorophyll-a (Chl-a) concentration, in addition to nutrient variables. A 
third approach, in line with Karydis’s suggestion from 2001 (Kitsiou and Karydis, 2011), includes the 
above-mentioned variables but also socio-economic variables, with the objective of being more inte-
grative and following the DPSIR framework when assessing eutrophication. All these approaches can 
Type Document
Directive
Bathing Water Directive [76/160/EEC; European Communities Council (1976)]
Urban Waste Water Treatment Directive [91/271/EEC; European Communities Council (1991a)]
Directive concerning the protection of waters against pollution caused by nitrates from agricultural 
sources [91/676/EEC; European Communities Council (1991b)]
Directive concerning integrated pollution prevention and control [96/61/EC; European Commission 
(1996)]
Water Framework Directive [2000/60/EC; European Commission (2000)]
Marine Strategy Framework Directive [2008/56/EC; European Commission (2008)]
Document for 
the protection
of European seas 
Convention for the Protection of the Marine Environment and the Coastal Region of the Mediterrane-
an, an amended version of the Barcelona Convention of 1976 (European Communities Council, 1977)
Bathing Water Directive [76/160/EEC; European Communities Council (1976)]
Urban Waste Water Treatment Directive [91/271/EEC; European Communities Council (1991a)]
Directive concerning the protection of waters against pollution caused by nitrates from agricultural 
sources [91/676/EEC; European Communities Council (1991b)]
TABLe 1  ·  Policy documents, directives, and documents addressing the protection of European 
seas, related with the European Environment Agency indicator Nutrients in transitional, coastal 
and marine waters. Source: European Environment Agency (2015).  
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be likewise classified depending on the statistical analyses involved (Appendix 1). Furthermore, some 
approaches results allow coastal waters to be classified as oligotrophic, mesotrophic, or eutrophic, 
following the nomenclature used for lakes (Rodhe, 1969), and others as high, good, moderate, poor, 
and bad, following the European Water Framework Directive (WFD).
However, all of these approaches leave a methodological gap as none offers the possibility to distin-
guish between the natural vs. the anthropogenic origins of nutrients in marine waters and thus be-
tween natural and cultural eutrophication. The main causes of the latter (Smith and Hollibaugh, 1989) 
in marine ecosystems are discharges of inorganic fertilizers from agriculture, discharges of wastewater 
from livestock, urban, and industrial areas, urban and industrial runoff, and to a lesser extent atmos-
pheric deposition linked to human activities related to fossil fuel burning (Boesch et al., 2001; Cloern, 
2001; Paerl, 1997). For the DPSIR framework (Atkins et al., 2011a), and thus for policies based on it, 
such as the WFD, distinguishing the origin of pressures is essential (Kitsiou and Karydis, 2011; Warwick, 
1993). The recognition of anthropogenic pressures is the basis for implementing appropriate manage-
ment measures that will diminish the impact and restore the ecosystem.
A previous study (Chapter 1) stated that continental influences were the main pressures that trigger 
the production of Chl-a on coastal waters and distinguished between their origins. In the factor anal-
ysis performed using physicochemical data from the Catalan coast (NW Mediterranean), two factors 
were selected. One described a gradient related to urban continental influences and was defined by 
ammonium (NH4), phosphate (PO4), and nitrite (NO2) concentrations. The other described a gradient 
related to fluvial continental influences and was defined by silicate (SiO4) and nitrate (NO3) concentra-
tions as well as the freshwater content (FWC; inverse of salinity). This second factor was partly related 
to agriculture due to the NO3 enrichment of most European rivers (Crouzet et al., 1999; Ludwig et al., 
2009). Moreover, the same study showed that Chl-a concentration was related to the presence of 
continental influences independent of their source. It concluded by pointing out that even eutroph-
ication could be assessed by Chl-a concentration, for its management was crucial to determine the 
origin of the nutrients that enhance it.
The conclusions of the Chapter 1 together with the assumption that urban continental influences 
are of anthropogenic origin and that fluvial continental influences are of natural origin, despite the 
agricultural sources of NO3, provided the foundation for a new method that would fill the identified 
methodological gap.
In the following, we describe this new method, which makes use of the FAN (Phosphate-Ammoni-
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um-Nitrite) and FLU (FLUviality) indexes. By distinguishing between anthropogenic and natural con-
tinental pressures influencing coastal waters, the two types of pressures can be quantified, and the 
physicochemical state, the risk of eutrophication, and the risk of cultural eutrophication of coastal 
waters can be assessed. Section 3.1 presents the indexes, including the underlying conceptual model, 
the process used in their design and validation, the information needed for their application, and the 
protocol for their use. Section 3.2 explores the relationship among continental influences and classical 
eutrophication proxies, i.e., the Chl-a concentration and the trophic index (TRIX). Section 3.3 considers 
the advantages and disadvantages of the FAN and FLU indexes method and provides a comprehen-
sive discussion of its applicability. Finally, an integrated assessment of coastal waters is proposed, de-
rived from the Chl-a concentration and the FAN and FLU indexes, being these indexes the cornerstone 
for coastal water management.
2. MATERIAL AND METHODS
2.1. Study area
The Catalan coast (Figure 1) is representative of the NW Mediterranean coast in terms of its geography, 
demographics, and socioeconomic development. It is located between 3° 19’ 59.94” E and 42° 29’ 0.09” 
N and between 0° 9’ 41.69” E and 40° 31’ 27.56” N, occupies 7,257.5 km2 (Agència Catalana de l’Aigua, 
2005) and delimits the Mediterranean Sea over 870.0 km (Institut d’Estadística de Catalunya, 2010).
2.2. Sampling strategy and laboratory methods
Between 1990 and 2014, the National Catalan Coastal Water Monitoring Program sampled 268 sta-
tions along the entire Catalan coast (Figure 1). These were representative of three coastal water areas: 
coastal inshore waters (CIW; 0–200 m from the shore), coastal nearshore waters (CNW; 200-1,500 m), 
and coastal offshore waters (COW; > 1,500 m). The CIW stations were representative of three degrees 
of water confinement, from more to less: harbors, beaches, and rocky zones. CIW stations were sam-
pled from the shore either quarterly or monthly depending on their variability. CNW and COW stations 
were sampled quarterly by boat at the surface and at different depths. After the adoption of the WFD 
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in 2000, to facilitate its implementation, Catalan coastal waters were divided into 38 water bodies 
(WBs). These included CIW stations at beaches and in rocky zones as well as surface stations from 
CNW. The variables measured at each sampling station were salinity, oxygen percentage, Chl-a con-
centration (µg/L) determined following the method of Yentsch and Menzel (1963), and dissolved inor-
ganic nutrients concentrations (µM) determined using colorimetric techniques (Grasshoff et al., 1983).
Figure 1  ·  Map of the Catalan coast. The main characteristics of the land, coastline (black line), 
urban areas (brown), and rivers (blue) are shown. The bathymetry (meters depth; gray), water 
bodies (black framed polygons) and sampling stations of the coastal waters are also indicated. 
The color of the sampling station depends on the coastal water area to which it belongs: a) CIW 
(coastal inshore waters; 0–200 m from the shore; green dots); b) CNW (coastal nearshore waters; 
1,000 m; purple dots) and c) COW (coastal offshore waters; 5,000 m; orange dots). 
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2.3. Data processing and statistics
The dataset covered nearly 24 years, from June 1990 to December 2014, and comprised 20,102 entries. 
CIW data covered the entire period, with 16,942 entries, and CNW and COW data the period from Au-
gust 1996 to December 2014, with 2,166 and 994 entries, respectively. In addition, there were 14,536 
data entries related to the WFD, thus related to beaches and rocky zones of CIW and to surface CNW. 
Five data subsets were created for use in the statistical analyses. 1) The entire dataset was used to de-
velop the FAN and FLU indexes. However, because data between 1990 and 1994 had a high percent-
age of missing entries, only data from 1994 to 2014 (N=18,102) could be used (Sect. 3.1.2). 2) A data 
subset with data relevant to the WFD obtained from 1994 to 2014 was used to establish the bounda-
ries and categories for CIW and CNW (N=12.536) (Sect. 3.1.2). 3 and 4) The entire dataset was split into 
two subsets: data from 1994 to 2004 (N=8,205) and from 2005 to 2014 (N=9,897). These were used to 
validate the methodology and to establish the reference data framework Sect. (3.1.5). 5) A data subset 
containing data from 1994 to 2014 balanced for each year and without missing data (N=5,967) was 
used to explore the relationships among continental influences and eutrophication proxies (Sect. 3.2).
Prior to the statistical analyses, salinity data were transformed into FWC following Eq. (1). 
 FWC = [1000-{(1000*salinity)/MAXSAL}]                   (1)
In addition, the variables were checked for normality using histograms and Shapiro-Wilk tests (Royston, 
1982). They were non-normally distributed, as is typical for environmental data (Cassie, 1962; Legendre 
and Legendre, 1979), and showed frequency distributions skewed to the right. Therefore, all variables 
were transformed to avoid erroneous conclusions, following Eq. (2).
 v’ = log10(v+1)                       (2)
The statistical analyses made use of descriptive and inferential methods. For the descriptive methods, 
correlations were calculated with case-wise deletion of the data. The data shown in Figure 4 were ad-
justed by Lowess fittings, the data in Figure 6 by linear regressions, and the median values of the Chl-a 
concentration in Figure 7 were interpolated by applying a distance-weighted least squares smoothing 
procedure and a stiffness of 0.25. For the inferential statistics, an alpha value of 0.01 was selected to es-
tablish whether the analyses were significant. Due to the large number of dataset entries, parametric 
analyses could be applied (Polya, 1920). T-tests for independent samples were used to validate both 
the methodology and the dataset used to develop the indexes. Factor analyses were carried out to 
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objectively define the relationships among the variables and to create and validate the indexes. The 
principal components approach was selected as the extraction method, as was done in previous as-
sessments of eutrophication and water quality in marine environments based on nutrients and other 
variables (Appendix 1). Factor selection was guided by the criterion of Kaiser (1960). For the develop-
ment and validation of the indexes, two analyses were performed: one without axis rotation and the 
other with a varimax raw rotation (Kaiser, 1958). Significant factor loading values ≥ 0.7 were used to 
identify the most important variables describing the extracted factors, according to Hair et al. (1999).
The relationships among continental influences and eutrophication proxies (Sect. 3.2) were explored 
at the station level using correlations and linear regressions. The trophic state of the sampling stations 
was assessed using the TRIX and the Chl-a concentration. TRIX (Eq. 3) was calculated using dissolved 
inorganic nitrogen (DIN; sum of NO3, NO2, and NH4) and dissolved inorganic phosphorus (DIP; i.e., PO4) 
concentrations after their transformation to units of mg/m3, together with the Chl-a concentration. 
The absolute value of the deviation of the oxygen percentage from saturation conditions was also cal-
culated [ADO=absolute value(100−(%oxygen)] and all oxygen percentages of 100% were transformed 
to 99.9% to allow their use in the index. 
 TRIX = (log(Chl-a*ADO*DIN*DIP))-(-1.5)/1.2                   (3)
All statistical analyses were carried out using STATSITCA 10 software (StatSoft, 2003)
3. RESULTS AND DISCUSSION
3.1. FAN and FLU indexes
3.1.1. Conceptual model
The conceptual model underlying the method based on the FAN and FLU indexes derives from the 
results of the study of the Chapter 1:
I. The main pressures on coastal waters are continental influences, which are linked to freshwater in-
flows, such as from rivers, runoff, and groundwater, and to the nutrients they release into coastal waters. 
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II. Continental influences, through their nutrient contributions, trigger the production of Chl-a in 
coastal waters, which may enhance the eutrophication process.
III. Continental influences on coastal waters can be of urban or fluvial origin. Along the Catalan 
coast, NO3, NH4, and PO4 form a gradient related to urban continental influences, and FWC, NO3, 
and SiO4 a gradient related to fluvial continental influences.
The model also relies on two newly formulated assumptions: 
I. Urban continental influences are of anthropogenic origin and fluvial continental influences of 
natural origin, albeit partly related to NO3 enrichment from agricultural sources.
II. A high physicochemical water quality reflects the absence of large anthropogenic continental 
influences, and thus of large dissolved inorganic nutrient concentrations of urban origin  (NO2, 
NH4, and PO4).
The junction of these five points yields a conceptual model that relates continental influences, their 
origins, and their impact on coastal waters through Chl-a levels (Figure 2). The model then proposes 
four possible scenarios according to continental influences on coastal waters. The first is a coastal area 
that does not receive continental influences. An example is a natural coastal zone without freshwater 
inflows, such as in front of cliffs, which usually are within very small catchment areas. In this zone, nu-
trient concentrations are low and the characteristics of the water are thus similar to those of open sea 
waters. The second is exemplified by a river that drains a large catchment area, in which inflows into 
coastal water are large and the characteristics of those waters reflect fluvial continental influences, 
most prominently a naturally lower salinity (higher FWC) and higher dissolved inorganic nutrient con-
centrations, especially of NO3 and SiO4. These two scenarios, while very different in terms of the phys-
icochemical parameters of their coastal waters, both describe natural states. By contrast, in the third 
scenario, a coastal zone with a large city, human activities strongly determine land uses and therefore 
change both the amounts and the types of nutrient loads in freshwater inflows. Urban continental 
inflows alter the physicochemical parameters of coastal waters such that dissolved inorganic nutrient 
concentrations, especially NO2, NH4, and PO4, are high. The situation described in this scenario is an-
thropogenic. In the fourth scenario, a coastal zone with a city and a river is subject to urban and fluvial 
and thus to natural and anthropogenic continental influences. In this case, coastal waters will have 
high concentrations of all dissolved inorganic nutrients and also a low salinity. 
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Of the four above-described scenarios, three include high concentrations of nutrients, which could 
enhance Chl-a production, and thus are at risk of eutrophication. As noted by (Bricker et al., 2008), 
high nutrient concentrations (risk of eutrophication) can coexist with low Chl-a concentrations (oli-
gotrophic waters) due to low algal uptake or the rapid flushing of nutrients such that phytoplankton 
are not able to bloom. Conversely, low nutrient concentrations (without risk of eutrophication) can 
coexist with high Chl-a concentrations (eutrophic waters) due to nutrient uptake by photosynthetic 
organisms. Besides, two scenarios include high concentrations of nutrients from urban continental in-
fluences and thus are at risk of cultural eutrophication. Only in the case of cultural eutrophication, that 
is, when Chl-a is produced in response to an inflow of nutrients of anthropogenic origin, will corrective 
management actions be required. For this reason, the distinction between natural and anthropogenic 
pressures on coastal waters is essential.
Figure 2  ·  Conceptual model supporting the method based on the FAN and FLU indexes. The 
x axis shows water quality as a function of anthropogenic continental influences, which are of 
urban origin and linked to a gradient (gray shaded triangle) of NH4, NO2, and PO4 concentrations. 
Natural continental influences, shown on the y axis, are of fluvial origin and linked to a gradient of 
FWC as well as NO3 and SiO4 concentrations. The diagonal represents the sum of all continental 
influences, which is related to the Chl-a concentration gradient. Four coastal water scenarios 
related to this model are also shown (italics).
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3.1.2. Development 
The development of a method based on the FAN and FLU indexes followed the same statistical meth-
odology employed in the study of 2011, factor analyses, and the same database from the Catalan 
coast was used, but updated to cover a period of 24 years. 
Summarizing, a first factorial analysis selected a unique factor (1F factor), defined by dissolved inor-
ganic nutrients and FWC and thus describing a gradient related to continental influences. A second 
factorial analysis split this factor into two factors, describing the gradients related to urban and fluvial 
continental influences, previously described in Chapter 1. The former gradient is the inverse of a phys-
icochemical water quality gradient. These factors were then linked to the FAN and FLU indexes. FAN 
is the acronym of phosphate (fosfat in Catalan), ammonium, and nitrite but is also related to factor 
analysis, and FLU is an abbreviation of fluviality. Equations of the two indexes were generated allowing, 
when applied, to obtain continuous information. Then, both indexes were scaled, allowing to obtain 
quantitative information. This step was performed for CIW and outermost coastal waters (CNW and 
COW) individually, due to their physicochemical differences. Accordingly, a method to subsequently 
combine the FAN and FLU indexes results obtained for CIW and outermost coastal waters was then 
established, yielding a global assessment of the water quality and fluviality of a coastal water zone. 
Next, water quality and fluviality were combined to yield a unique assessment of continental influ-
ences on coastal waters. In addition, the FAN index was scaled to the classical categories of coastal 
water trophic state to provide the anthropogenic component of it. Finally, the risk of eutrophication 
was defined based on the unique continental influences results and the risk of cultural eutrophication 
based on the FAN index results.
The steps used in the development of the FAN and FLU indexes method are presented in detail below.
I. Correlations among the main physicochemical variables and Chl-a
The entire data subset of the Catalan coast from 1994 to 2014 (N=18,102) was used to calculate cor-
relations and thereby explore the relationships among the main physicochemical variables and Chl-a 
(Table 2). All correlations were significant at p < 0.001. Variables with correlations > 0.50 were assem-
bled into two groups. The first included variables related to fluvial continental influences: FWC, NO3, 
and SiO4; the second included variables related to urban continental influences: NO2, NH4, and PO4. 
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The correlation between Chl-a and any other variable was never > 0.5, and for some dissolved inor-
ganic nutrients it was < 0.3. These results confirmed the relationships among the variables that were 
determined in Chapter 1, and corroborate the fact that Chl-a formation is independent of the conti-
nental origin of the nutrients that trigger it.
II. Factor analyses of physicochemical variables
The relationships between FWC and dissolved inorganic nutrients were defined in two factor analyses 
that relied on previous correlations (valid N=17,268). 
The first analysis was performed without rotation of the axes. Only one factor was selected (1F factor), 
which was defined by all variables and was associated with a gradient of continental influences. It 
explained 57.67% of the variance (Table 3). 
Variable Chl-a FWC NO3 NO2 NH4 PO4
FWC 0.37
NO3 0.30 0.53
NO2 0.30 0.40 0.48
NH4 0.29 0.30 0.38 0.61
PO4 0.27 0.31 0.42 0.63 0.63
SiO4 0.35 0.61 0.74 0.47 0.40 0.45
TABLe 2  ·  Correlations among Chl-a concentration (µg/L), FWC, and dissolved inorganic nutrient 
concentrations (µM) calculated using data from the Catalan coast for the period 1994 to 2014 
(N=18,102). All correlations were significant at p < 0.001. Bold correlations are p > 0.50.
Value eigenvalue % Total variance Cumulative eigenvalue Cumulative %
1 3.46 57.67 3.46 57.67
2 1.05 17.57 4.51 75.25
TABLe 3  ·  Eigenvalues and explained variances of the first and second extracted factors in the 
factor analyses performed with and without rotation of the axes.
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Given the high percentage of the variance explained by the first analysis, in the second analysis a va-
rimax raw rotation of the axes, which maximizes factor loadings of the variables among the extracted 
factors, was applied to split the 1F factor. This yielded two selected factors, which explained 75.2% of 
the variance (Table 3). In this case, one factor comprised NO2, NH4, and PO4 and explained 37.3% of 
the variance, and the other FWC, NO3, and SiO4 and explained 37.9% (Table 4). These results were in 
agreement with the two groups of variables defined by the correlations. Thus, splitting the gradient of 
continental influences (1F factor) obtained with the first analysis yielded two separated gradients: one 
of urban and the other of fluvial continental influences. These gradients were the foundation of the FAN 
and FLU indexes, respectively. 
In the factor analysis, the urban and fluvial gradients, related to the FAN and FLU indexes, are perpen-
dicular and define a two-dimensional reference space (Figure 3). In this space, the urban gradient also 
defines a water quality gradient. Besides, the sum of the two gradients (vectorial sum of the factors, 
represented by the diagonal) defines the gradient of all continental influences (i.e., the 1F factor). 
Plotting data from coastal waters within this reference space allows the natural and anthropogenic 
influences received by these waters to be distinguished and quantified and their physicochemical 
state interpreted.
TABLe 4  ·  Factor loadings of FWC and dissolved inorganic nutrients for each of the two factors 
selected by the factor analysis performed with rotations of the axes. Bold loadings are those with 
a value > 0.7. The eigenvalues and explained variances of the factors are shown in italics.
Variable
Factor 1
FLu index
Factor 2
FAN index
FWC 0.82 0.14
NO3 0.82 0.28
NO2 0.34 0.78
NH4 0.18 0.86
PO4 0.23 0.84
SiO4 0.85 0.29
Eigenvalue 2.28 2.24
% Total variance 37.94 37.31
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III. Development of the equations
Equations for the FAN and FLU indexes were developed following Eq. (4):
 Indexi = [(Vi*(Factor score coefficient(VT)/Standard deviation
 (VT)]-[Mean(VT)*Factor score coefficient(VT)/Standard deviation (VT))]+…                           (4)
where Vi is the value of a variable for a concrete entry and VT the value for the same variable calculated 
with the entire dataset of the factor analysis (Table 5). Equations (5) and (6) are the final equations of 
the FAN and FLU indexes, respectively. These indexes are non-dimensional.
 FAN index = -0.19*NO3+2.86*NO2+1.42*NH4+2.91*PO4-0.27*SiO4-0.35*FWC-0.60               (5)
 FLU index = 0.86*NO3-0.37*NO2-0.52*NH4-0.89*PO4+1.15*SiO4+0.87*FWC-2.00               (6)
The indexes provide continuous and quantitative information on urban and fluvial continental influences.
Figure 3  ·  Reference space defined by the FAN (x axis) and FLU (y axis) indexes and its 
interpretation. In this space, the diagonal represents the gradient of all continental influences. 
Overlaid is the scatterplot of the factor loadings of freshwater content (FWC), nitrate (NO3), nitrite 
(NO2), ammonium (NH4), phosphate (PO4), and silicate (SIO4) in the factor analysis performed 
with rotations of the axes. 
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IV. Establishment of the boundaries and categories of the FAN and FLU indexes to assess 
water quality and fluviality
The establishment of boundaries and categories for the FAN and FLU indexes enables the use of both 
to obtain discrete and qualitative information on urban and fluvial continental influences.
Scaling of the gradients related to the two indexes was carried out using the method proposed by 
the WFD to categorize ecological status gradients defined by biological quality elements (European 
Commission, 2010). The WFD method relies on the identification of shifts along the gradient that are 
related to changes in the ecological status. Accordingly, as in the WFD gradient, five categories were 
defined. Because the FAN index is the inverse of water quality, the same color key and names were 
chosen as used for the WFD’s ecological status categories. For the fluviality categories, the color key 
and names were newly selected, with a change from blue to green emulating the color gradient from 
open sea waters to waters located in front of the mouth of a river. 
The WFD data subset from 1994 to 2014 was used to establish the boundaries and categories of the 
FAN and FLU indexes (N=12,536), using the mean values of the indexes determined for the Catalan 
coast stations belonging to WBs (N=214). CIW data were distinguished from CNW data due to their 
significant differences (Chapter 1), which were also revealed by the main statistics of the FAN and FLU 
indexes for CIW and CNW (Table 6). Therefore, boundaries and categories of the FAN and FLU indexes 
were created for CIW and for CNW independently. The resulting boundaries and categories can be 
used to assess the water quality and fluviality of stations, such as COW stations, of WBs whose stations 
TABLe 5  ·  Means, standard deviations, and factor score coefficients of FWC and dissolved 
inorganic in the factor analysis performed with rotations of the axes.
Variable Mean Standard deviation
Factor 1 score coefficient 
(FLu index)
Factor 2 score coefficient 
(FAN index)
NO3 0.65 0.48 0.41 -0.09
NO2 0.11 0.13 -0.05 0.38
NH4 0.45 0.34 -0.17 0.48
PO4 0.14 0.15 -0.14 0.45
SiO4 0.61 0.37 0.43 -0.10
FWC 1.31 0.53 0.46 -0.18
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are located in CIW or in CNW, and of coastal water zones whose stations are located in CIW or in out-
ermost coastal waters (CNW and COW) (Table 7).
The specific methodology used in the categorization of the gradients was as follows. First, for each 
station included in the WFD data subset, means of FWC, dissolved inorganic nutrients, and for the two 
indexes were calculated. Second, the stations were ordered depending on their mean FAN and FLU 
index values and the coastal water area (CIW or CNW). Third, the means of the NO2, NH4, and PO4 val-
ues were plotted together with the means of the FAN index for the two coastal water areas. The same 
was done for the means of FWC, NO3, SiO4, and the FLU index values. Fourth, a curve was fitted to each 
of these variables and indexes for each coastal water area using the Lowess method (Figure 4). Finally, 
TABLe 6  ·  Means, standard deviations, and factor score coefficients of FWC and dissolved 
inorganic in the factor analysis performed with rotations of the axes.
index Statistic
Coastal waters
CiW CNW
FAN
Valid N 10,485 1,518
Mean 0.11 -0.46
Standard deviation 1.13 0.63
Minimum -1.76 -1.45
10th percentile -0.72 -0.96
Lower quartile -0.47 -0.81
Median -0.13 -0.59
Upper quartile 0.29 -0.29
90th percentile 0.95 0.07
Maximum 11.65 8.17
FLU
Valid N 10,485 1,518
Mean -0.05 -0.49
Standard deviation 0.94 0.71
Minimum -2.57 -2.20
10th percentile -1.04 -1.10
Lower quartile -0.66 -0.88
Median -0.20 -0.65
Upper quartile 0.35 -0.31
90th percentile 1.18 0.38
Maximum 4.57 3.27
FAN and FLU indexes method
91
discontinuities of the curves were searched for, as they were considered indicative of changes in the 
environment related to the urban or fluvial gradient. Therefore, discontinuities were optimal cutoff 
points that could be linked to boundaries between categories. In all cases, three clear areas were dis-
tinguished by two main discontinuities. The first, associated with the lowest values of the indexes, was 
nearly constant (NO2 and PO4) or increased slightly (NH4, FWC, NO3, and SiO4). The second was visual-
ized as a curve indicating strong changes in the variables. In the third, a sharp increase corresponded 
to the highest values of the indexes. For each variable, depending on its value, these discontinuities 
were related to the relevant boundaries. In addition, some areas were divided equidistantly to assign 
the rest of the boundaries and thus the categories. For example, for NO2 and PO4, the discontinuity 
where the curve started was defined as the high-good boundary, the area of the curve as the good 
category, and the discontinuity where the curve ended as the good-moderate boundary. The third 
zone was associated with the moderate, poor, and bad categories. The moderate-poor and poor-bad 
boundaries were defined by dividing this zone equidistantly. Finally, unique boundaries for each index 
and for each coastal water area were established in two steps: (1) the station that best represented the 
compromise among the boundaries of each of the three variables defining each index was identified, 
and (2) the index value of this station was calculated with the corresponding fitted curve. By defining 
these unique boundaries, the categories of water quality and fluviality based on the FAN and FLU in-
dexes for CIW and outermost coastal waters (CNW and COW) were also established (Table 7). 
Water quality category FAN index CiW FAN index CNW and COW Water quality partial score
High FAN ≤ -0.08 FAN ≤ -0.46 1.00
Good -0.08 < FAN ≤ 0.16 -0.46 < FAN ≤ -0.22 0.75
Moderate 0.16 < FAN ≤ 0.60 -0.22 < FAN ≤ -0.12 0.50
Poor 0.60 < FAN ≤ 1.43 -0.12 < FAN ≤ -0.02 0.25
Bad FAN > 1.43 FAN > -0.02 0.00
TABLe 7  ·  Water quality (top) and fluviality (bottom) categories and boundaries based on the 
FAN and FLU indexes for CIW (left) and outermost coastal waters (CNW and COW; right). 
Fluviality category FLu index CiW FLu index CNW and COW Fluviality partial score
Very low FLU ≤ -0.36 FLU ≤ -0.74 1.00
Low -0.36 < FLU ≤ -0.08 -0.74 < FLU ≤ -0.53 0.75
Medium -0.08 < FLU ≤ 0.37 -0.53 < FLU ≤ -0.05 0.50
High 0.37 < FLU ≤ 0.94 -0.05 < FLU ≤ 0.43 0.25
Very high FLU > 0.94 FLU > 0.43 0.00
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The ranges of dissolved inorganic nutrients of coastal water state categories were used to confirm the 
sensitivity of the indexes (Karydis et al., 1983). Accordingly, the sensitivities of the FAN and FLU indexes 
were verified since the ranges of the related variables increased from categories of a lower water qual-
ity and fluviality to categories of a higher water quality and fluviality (Appendix 2).
Figure 4  ·  Fitted curves of the variables means that define the indexes FAN (top) and FLU 
(bottom) determined at CIW (left) and at CNW (right) surface stations (N=214). The means were 
calculated using data collected as part of the WFD from 1994 to 2014 (N=12,536). Stations are 
ordered following the gradient resulting from the means of their FAN or FLU indexes. Water quality 
categories (M=moderate, P=poor, B=bad) are shown for the FAN index and fluviality categories 
(VL=very low, M=medium, H=high, VH=very high) for the FLU index.
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V. Establishment of global boundaries and categories of the FAN and FLU indexes to assess 
water quality and fluviality
A two-step process was devised for the global assessment of the water quality and fluviality of coastal 
water zones with stations located in CIW and in outermost coastal waters (CNW and COW), such as 
WBs. In the first, the CIW and the outermost coastal waters should be independently assessed, fol-
lowing Table 7, while in the second the two assessments should be combined in a global category of 
water quality and fluviality for the entire coastal water zone. 
This second step was devised by scoring and averaging methods. To merge the two water quality 
and fluviality categories from CIW and outermost coastal waters, a partial score between 0 and 1 was 
assigned to each of the previously established categories (Table 7). This same range was then scaled 
equidistantly into five categories to establish the global boundaries and categories of water quality 
and of fluviality (Table 8). 
To assess a coastal water zone, the mean of the two partial scores is calculated and the result com-
pared to the global boundaries to derive a global category of water quality and fluviality.
VI. Establishment of categories to assess continental influences based on water quality and 
fluviality
The categories of water quality and fluviality were combined using the decision-tree method, to es-
tablish a unique approach to the assessment of continental influences on coastal waters, linked to the 
Water quality
global score
Water quality
global category
1.00 High
0.75 ≤ FAN < 1.00 Good
0.50 ≤ FAN < 0.75 Moderate
0.25 ≤ FAN < 0.50 Poor
0 ≤ FAN < 0.25 Bad
TABLe 8  ·  Global categories and the corresponding global scores of water quality (left) and 
fluviality (right).
Fluviality 
global score
Fluviality
global category
1.00 Very low
0.75 ≤ FLU < 1.00 Low
0.50 ≤ FLU < 0.75 Medium
0.25 ≤ FLU < 0.50 High
0 ≤ FLU < 0.25 Very high
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1F factor. The reference space defined by the previously categorized gradients of urban and fluvial 
continental influences (Figure 3) was divided into four spaces, each associated with a type of conti-
nental influence: 1) none (without continental influence), 2) urban, 3) fluvial, and 4) mixed (urban and 
fluvial) (Table 9).
VII. Establishment of boundaries and categories to assess the antrophogenic component of 
the trophic state based on the FAN index
The urban continental influence gradient, linked to the FAN index, was scaled into categories of antro-
phogenic component of the trophic state. The gradient was divided into the three classical categories 
describing the trophic state, following the example of (Primpas and Karydis, 2010). The boundaries of 
the FAN index used to assess water quality were applied; thus, oligotrophic waters correspond to high 
and good water qualities while mesotrophic waters correspond to moderate and poor water qualities, 
and eutrophic waters to a bad water quality (Table 10). Note that the trophic-state categories defined 
within this study are applicable only to the NW Mediterranean, where eutrophic waters are those 
with a high dissolved inorganic nutrient concentration but not necessarily, changes in the balance of 
organisms, or the development of hypoxia or anoxia, as is the case in other seas (Breitburg, 2002; Diaz 
and Rosenberg, 1995; Gray et al., 2002)
TABLe 9  ·  Categories of continental influences based on water quality and fluviality categories. 
Urban, fluvial, and mixed continental influences are indicative of risk of eutrophication and urban 
and mixed continental influences of risk of cultural eutrophication.
Continental influences
Water quality (FAN)
High Good Moderate Poor Bad
Fluviality
(FLU)
Very low
None Urban influence
Low
Medium
Fluvial influence Mixed influencesHigh
Very high
TABLe 10  ·  Anthropogenic component of the trophic state (ACTS) categories and boundaries 
based on the FAN index of CIW and of outermost coastal waters (CNW and COW). The 
corresponding water quality categories are also shown. 
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VIII. Establishment of the risk of eutrophication and the risk of cultural eutrophication
Finally, the risk of eutrophication and the risk of cultural eutrophication were defined based on the 
categories of continental influences. Coastal waters receiving urban, fluvial or mixed continental influ-
ences are at risk of eutrophication while coastal waters receiving urban or mixed continental influenc-
es, both linked to high values of the FAN index, are at risk of cultural eutrophication.
3.1.3. Requirements
The FAN and FLU indexes are calculated using the values of salinity (previously transformed to FWC) 
and dissolved inorganic nutrient concentrations (NO3, NO2, NH4, PO4, and SiO4, in µM). These data are 
readily obtainable from previous scientific research or physicochemical monitoring; in the case of the 
latter, such as currently required by the WFD. New data can also be collected, as salinity can be easily 
and inexpensively measured in situ using salinometers, which are very affordable. The acquisition of 
data on dissolved inorganic nutrients involves taking samples, expensive laboratory instruments, and 
an expert technician, but it is less time-consuming and less expensive than the collection of other 
kinds of marine data. If an external laboratory analyzes the nutrient samples, its methods should be 
sensitive enough to measure the low concentrations of dissolved inorganic nutrients that occur in the 
Mediterranean Sea.
The dataset used to apply the FAN and FLU indexes should cover the physicochemical variability of 
the study area, both spatially and temporally. Physicochemical data are highly dynamic and do not in-
tegrate environmental changes, which must be done statistically. Therefore, it is highly recommended 
that the dataset covers the entire area of study and a period of several years, with the samples equally 
distributed spatially as well as temporally, both along the study period and throughout each year. 
If data are not available but are required, either the literature should be searched or an exploratory 
sampling performed to obtain information on the physicochemical variability of the area before a de-
finitive sampling strategy is adopted. For areas with a high degree of variability, such as CIW, sampling 
ACTS category FAN index CiW FAN index CNW and COW Water quality category
Oligotrophic FAN ≤ 0.16 FAN ≤ -0.22 High and Good
Mesotrophic 0.16< FAN ≤ 1.43 -0.22 < FAN ≤ -0.02 Moderate and Poor
Eutrophic FAN > 1.43 FAN > -0.02 Bad
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should be more extensive.
The FAN and FLU indexes were developed with the time series database of the physicochemical varia-
bles of the Catalan coast, which is representative of the NW Mediterranean Sea. However, this method 
can be applied beyond this reference framework to other datasets from other seas, once it has been 
confirmed that the ranges of the variables used to calculate the indexes are similar to those deter-
mined in the present study. This will not be the case in assessments of areas with large tidal ranges, 
and the results should therefore be interpreted cautiously. 
To comply with the requirements of the WFD, the physicochemical state of WBs should be evaluated 
using surface data from several stations located in inshore and outermost coastal waters, but always 
within the jurisdiction of the directive. For example, for the Catalan coast only CIW and CNW sampling 
stations are within the limits of the WFD’s WBs. The data should be acquired over 6 years, the manda-
tory period for assessing ecological status based on biological quality elements.
Nonetheless, these conditions are recommendations and are not mandatory; their use will depend on 
the study’s objective. Clearly, in some cases the available data will be limited, e.g., in surveys in which 
samplings were limited to the outermost coastal waters or to the summer months. In all cases, the 
results of the FAN and FLU indexes should be interpreted carefully, as bias and misinterpretations may 
arise regarding the state of coastal waters.
3.1.4. Protocol
The use of the FAN and FLU indexes will depend on the source of the available data. For data from CIW 
and outermost coastal waters (CNW and COW), steps I–XI of Box 1 should be followed; if the available 
data are from only one or the other coastal water area, steps VI–VIII should be omitted. In the first case, 
CIW and outermost coastal data are assessed independently and the results then merged in a global 
assessment. In the second case, because only one of the two coastal areas is assessed the intermedi-
ate steps are not necessary. 
It should be noted that the numerical values of the FAN and FLU indexes for CIW and for outermost 
coastal waters are comparable, while the water quality and fluviality categories for these waters are not.
If FAN and FLU indexes cannot be calculated due to missing data, the coastal water state can be 
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estimated using the available data. Appendix 2 provides box-plots with descriptive statistical param-
eters of the variables and of the indexes themselves for the corresponding five categories of water 
quality and fluviality, both for CIW and for outermost coastal waters, calculated using the time series 
dataset form the Catalan coast. The boundaries for the water quality and fluviality categories in terms 
of dissolved inorganic nutrient concentrations and FWC are provided in Appendix 3, together with 
their lower and upper ranges. These values were calculated from the previously mentioned statistical 
parameters.
3.1.5. Validation
The FAN and FLU indexes were validated both with respect to the reference data framework and the 
factor analysis, i.e., the data and the statistical procedure used to develop the indexes.
The range boundaries for trophic state indexes must encompass almost all possible actually found 
measurements (Carlson, 1977). The dataset from the Catalan coast used to create the FAN and FLU 
indexes consisted of data from 1994 to 2014 and was considered as the reference data framework. It 
was assumed to encompass measurements of almost all possible coastal water states that can occur 
in the studied area of the Mediterranean coast. Therefore, future assessments using the FAN and FLU 
indexes will presumably be included within this reference data framework. 
The factor analysis was the statistical procedure that provided the basis of the FAN and FLU indexes. 
Broad use of this procedure was previously made in assessing the level of eutrophication and, on 
many occasions, of multivariate indexes as well (Appendix 1).
For both validations, the year 2004 served as the cutoff to split the entire dataset in two. According-
ly, data before 2004 were deemed to be the only data available to create the FAN and FLU indexes 
[Eqs. (7) and (8), respectively], and thus to comprise a historical reference data framework. The factor 
analysis performed with a varimax raw rotation and with this data subset included 6,362 valid entries 
and explained 78.98% of the variance. Factor loadings > 0.7 identified the same two variable groups 
resulted from the factor analysis performed with the entire dataset. Data after 2004 served as newly 
acquired data and were assessed with the 1994-2004 indexes. 
Validation of the reference data framework required that the ranges of the FAN and FLU indexes 
(1994–2004) for the periods before and after 2004 and for the entire study period were the same. 
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Therefore, it was expected that the ranges obtained with data after 2004 would be included within 
ranges obtained with data before 2004, thus within the historical reference data framework. Similarly, 
validation of the factor analysis procedure required that the two index calculations (1994-2004 and 
1994-2014) provide also equivalent results.
 FAN index (1994–2004) =
 -0.33*NO3+2.36*NO2+1.22*NH4+2.35* PO4-0.28* SiO4-0.35*FWC-0.27             (7)
 FLU index (1994–2004) =
 0.95*NO3-0.33*NO2-0.47*NH4-0.84*PO4+1.17* SiO4+1.03*FWC-2.45             (8)
Validation of the reference data framework
To validate the reference data framework, the ranges of the FAN and FLU indexes (1994-2004) [Eqs. (7) 
and (8), respectively] were compared for the three diff erent periods described above (Figure 5).
Figure 5  ·  Box-plots of the FAN (left) and FLU (right) indexes for three diff erent periods based 
on data collected from 1994 to 2014 (N=18,102).
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For the FAN index (1994–2004), its range during the period 2005–2014 was indeed included in the 
reference data framework of 1994–2004. The ranges of 1994–2004 and 1994–2014 were equivalent 
and thus did not diff er signifi cantly (p=0.31). Therefore, both the historical and the current reference 
data framework for the FAN index were determined to be robust and therefore validated. 
In the case of the FLU index (1994-2004), the maximum values of the three periods were similar, but 
the minimum value of the period 1994–2004 (−2.43) was higher than that of the two other periods 
(−2.94). In addition, the FLU index ranges of 1994–2004 and 1994–2014 diff ered signifi cantly (p=0.00). 
Therefore, some FLU index results obtained with data from 2005-2014 were not included in the his-
torical reference data framework. This was due to the occurrence of droughts in 2007 and 2012. These 
dry periods were the most severe since the beginning of the time series of the Catalan coast. Con-
sequently, the historical reference data framework for the FLU index could not be validated and the 
current reference data framework remains to be validated. However, considering that it incorporates 
14 years more data than the historical one, there is a high probability that the current reference data 
framework covers most of the situations to be addressed by the FLU index and is there trustworthy.
Validation of the methodology
Validation of the factor analysis procedure used to develop the FAN and FLU indexes was based on a 
Figure 6  ·  Regression lines of the FAN (left) and FLU (right) indexes calculated with datasets from 
1994 to 2004 and from 1994 and 2014 and applied to the dataset from 1994 to 2014 (N=18,102).
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comparison of the results obtained by applying the indexes 1994-2004 [Eqs. (7) and (8)] and the indexes 
1994-2014 [Eqs. (5) and (6)] to the 1994-2014 dataset. The correlations between both FAN indexes (0.99) 
and both FLU indexes (1.00) were significant, as were the results of the linear regressions between pairs 
of indexes (Figure 6). In the latter, the values of r2 were very high: 0.98 for the FAN indexes and 1 for the 
FLU indexes. Thus, the FAN indexes and the FLU indexes yield the same conclusions although they were 
created from different data subsets. Thus, the methodology used to develop the indexes was validated.
3.2. Relationships among continental influences and 
       eutrophication proxies
Both the TRIX (Vollenweider et al., 1998) and the Chl-a concentration, as proxies of eutrophication, 
have been broadly used to assess the state of coastal waters. Thus, in this study they were compared 
with the 1F factor, related to the continental influences, and with the FAN and FLU indexes, related to 
the urban and the fluvial components of this continental influences. The comparisons were carried 
out by means of correlations and linear regressions (Table 11). It should be noted that neither of these 
statistical procedures implies causation, rather, they indicate an underlying common process affecting 
the variables. 
TABLe 11  ·  Correlations and linear regressions (LRs) for the mean values of the FAN index, FLU 
index, 1F factor, trophic index (TRIX), and Chl-a concentration. Mean values were calculated for 
surface stations located in CIW, CNW, and COW from the Catalan coast (N=166) using a dataset 
covering the years 1994 to 2004 (N=5,967). All correlations and linear regressions are significant 
(p = 0.00).
Variable 1 Variable 2 Correlation Lr Lr r2
TRIX FAN 0.67 TRIX = 3.90 + 0.89 * FAN 0.45
TRIX FLU 0.70 TRIX = 3.93 + 0.87 * FLU 0.50
TRIX 1F 0.93 TRIX = 4.00 + 1.14 * 1F 0.87
Chl-a TRIX 0.74 Chl-a = -5.22 + 1.84 * TRIX 0.54
Chl-a FAN 0.65 Chl-a = 2.01 + 2.15 * FAN 0.42
Chl-a FLU 0.49 Chl-a = 2.02 + 1.52 * FLU 0.24
Chl-a 1F 0.76 Chl-a = 2.19 + 2.34 * 1F 0.59
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Relationships involving TRIX
The 1F factor and TRIX were positively related and their relationship was the strongest among the 
comparisons (correlation=0.93 and r2=0.87). Therefore, they provide nearly equivalent information 
regarding coastal water state.
The FAN and FLU indexes were also positively related to the TRIX, but showed less strong relationships 
compared with that between 1F factor and TRIX. Besides, a stronger relationship between the TRIX 
and the FLU index than the FAN index was obtained. The linear regression between the TRIX and the 
FAN index was influenced by three stations where maximum values for both indexes were recorded. 
Discarding these values yielded a slightly higher slope (1.01) and a slightly lower r2 (0.24), but the 
results were the same. As discussed above, the FAN and FLU indexes represent the urban and fluvial 
continental influences, respectively, and combined they represent the entire continental influences, 
thus the 1F factor. Therefore, the information on coastal water state given by each index is only a part 
of that given by the TRIX, however, combined is also nearly equivalent to that given by the TRIX.
Moreover, the TRIX has several weaknesses. The first and most obvious one is that, among other varia-
bles, it includes the Chl-a concentration in its calculation. The calculation also includes total phosphorus 
and total nitrogen. Hence, it comprises the particulate form of these nutrients, which are directly relat-
ed to phytoplanktonic cells. Consequently, the TRIX, as a pressure indicator, cannot be related to Chl-a 
concentration, as a proxy of eutrophication, as they are not independent measures. In addition, the 
oxygen saturation percentage is highly variable depending on the hour of the day when it is measured, 
especially in eutrophic waters. The FAN and FLU indexes represent a valid alternative to the use of the 
TRIX to assess the risk of eutrophication since the indexes not show the disadvantages of the TRIX and, 
in addition, they allow the distinction between the urban and fluvial origin of continental influences.
Relationships to the Chl-a concentration
The Chl-a concentration is positively related to the TRIX, the 1F factor, the FAN index, and the FLU 
index. For the 1F factor, this relationship indicates that the Chl-a concentration reflects continental 
influences. In fact, the values of this relationship (correlation=0.76 and r2=0.59) were higher than any 
of those deriving from the relationship between the Chl-a concentration and any other variables, in-
cluding the TRIX, which, as noted above, includes the Chl-a concentration in its calculation. The Chl-a 
concentration was less strongly related to the FAN and FLU indexes than to the TRIX and the 1F factor. 
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Besides, it was more strongly related to the FAN index than to the FLU index. The linear regression of 
the relationship between the Chl-a concentration and the FAN index was highly infl uenced by three 
extreme values. After these were discarded, the slope was slightly higher (2.32) and the r2 slightly 
lower (0.28), but the same results were obtained. The relationships between the Chl-a concentration 
and the FAN and FLU indexes when only CIW and only outermost coastal waters (CNW and COW; not 
shown) were considered were also positive and similar. 
These results supported the conceptual model presented above, which can be summarized as: the 
greater the continental infl uences on coastal waters, the larger the amounts of dissolved inorganic 
nutrients available for phytoplanktonic growth and therefore the higher the Chl-a concentrations in 
Figure 7  ·  Interpolation of the Chl-a concentration (µg/L) plotted on the reference space 
defi ned by the FAN (x axis) and FLU (y axis) indexes. The median values of the three variables were 
calculated for surface stations located in CIW, CNW, and COW from the Catalan coast (N=166) 
using a dataset covering the years 1994 to 2004 (N=5,967).
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these waters (Figure 2). In addition, they support that Chl-a concentration is related to the presence of 
continental influences independent of their source.
To obtain further confirmation of the conceptual model, the interpolation of Chl-a concentration was 
plotted on the reference space defined by the FAN and FLU indexes. As seen in Figure 7, the Chl-a 
concentration increased with increasing continental influences (1F factor). Similar interpolations of 
the Chl-a concentration were obtained by plotting the data from only CIW and from only outermost 
coastal waters (CNW and COW; not shown) and by omitting the data from the three stations with the 
maximum FAN index values (not shown). These results demonstrated the suitability of the presented 
method in assessing the physicochemical state and the risk of eutrophication of coastal waters. More-
over, its suitability to use its results as pressure indicators and to relate them to the Chl-a concentra-
tion, as a proxy of impact, due to the independence of these features.
3.3. Further considerations
The main advantages and disadvantages of assessing the state of coastal waters using the FAN and 
FLU indexes are considered below, together with a comprehensive discussion of the applicability of 
this approach.
3.3.1. Advantages
General advantages of the method based on the FAN and FLU indexes 
Applying the FAN and FLU indexes, the anthropogenic continental pressures influencing coastal wa-
ters can be distinguished from natural ones. In addition, the contributions of the two types of pressure 
can be quantified, and the physicochemical state of coastal waters evaluated, including the risks of 
eutrophication and cultural eutrophication. The data required for this type of analysis are easily gath-
ered and application of the method is simple, fast, and straightforward, requiring neither a high level 
of expertise nor a large amount of computational power. Moreover, the method can be applied at 
different spatial and temporal scales and is reproducible, allowing comparisons across geographical 
areas and study periods. 
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Versatile interpretation of the method’s results
The method’s results are more easily interpreted compared with a coastal water assessment per-
formed with the information provided by individual physicochemical variables, as a large number of 
variables complicates the assessment (Kitsiou and Karydis, 1998a). The results of the FAN and FLU in-
dex method are easily interpreted because the method derives from a factorial analysis that combines 
information from six variables into just two indexes.
The method’s outputs, the FAN and FLU index values (continuous and quantitative information) and 
categories of coastal water state (discrete and qualitative information), allow for complex and simple 
interpretations, respectively. For example, at scientific or administrative levels, numerical results may 
provide a more detailed picture of the observed system and thereby lead to more accurate and spe-
cific management actions. However, to inform the general public about the state of a coastal water, a 
color-based key offers a highly visual, concise, and understandable presentation of the findings.
In interpreting the FAN index results, high values do not always imply a huge amount of anthropogen-
ic inflows from the continent into coastal waters, and thus a bad water quality. Rather, in some cases, 
high concentrations of PO4, NO2, and/or NH4 could be due to natural causes and thus reflect the nat-
ural values of the studied area during sampling. Two examples are the high nutrient concentrations 
of outermost coastal waters during winter, due to seasonal vertical mixing, and of deep waters, due 
to sediment resuspension and biological activities. Therefore, interpretations of the FAN index results, 
and thus of water quality, should always be done carefully and by taking the specifics of the studied 
area into account.
Finally, when assessing the state of coastal waters the FAN and FLU indexes should always be consid-
ered together because they are completely linked by the factorial analysis used to derive them. This 
is particularly important when the values of the indexes are high. For example, two coastal areas re-
ceiving the same amount of urban inflows from the continent may differ in their FAN index values and 
water quality categories depending on the amount of freshwater received (FLU index value). This is 
because urban inflows are diluted within freshwater, thereby diminishing their impact. In these cases, 
before deciding upon and implementing management actions, the original FWC values and dissolved 
inorganic nutrient concentrations should be examined and the impact quantified.
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3.3.2. Disadvantages
Artificially established boundaries and categories 
To develop the method based on the FAN and FLU indexes, the respective gradients were scaled to 
obtain categories by identifying shifts along them related to changes in the state of coastal waters. 
In addition, the categories were combined following scoring, averaging, and decision-tree methods. 
However, there are several ways both to scale a gradient in order to obtain categories and to combine 
categories to obtain a unique category. For example, information can be condensed by averaging 
(Ojaveer and Eero, 2011), by following conditional rules (Breen et al., 2012; Simboura et al., 2012; Tuer-
os et al., 2009), by scoring or rating (Birk et al., 2012; Borja et al., 2011; Karydis, 1996), or by applying 
decision trees (Borja et al., 2009; Borja et al., 2004). The method selected is a matter of choice and the 
resulting boundaries and categories are a product thereof; they may be different if other methods are 
selected and should be interpreted accordingly. 
Difficulties in discriminating intermediate coastal water states 
Karydis (1996) stated that since nutrient enrichment is a continuous process there are no ‘limits’ between 
oligotrophic, mesotrophic and eutrophic waters. Accordingly, many indicators of coastal water state, in-
cluding the FAN and FLU indexes, can clearly distinguish between the most extreme scenarios, rep-
resented by the lowest and the highest values of the indicators. However, they poorly discriminate 
among intermediate scenarios, since gradients are characterized by gradual increases and do not 
always show clear shifts reflecting changes in the water state. This shortcoming should be considered 
especially when the coastal water state is assessed using critical boundaries that imply management 
actions. For example, within the WFD, the good-moderate boundary determines whether remedial 
actions should be implemented to ameliorate the ecological status of the water. Indeed, two coastal 
water zones with indicator values that are similar, but with one slightly above and the other slightly 
below the critical boundary, might be classified in different categories, such that one area but not the 
other is the target of management actions. Consequently, coastal waters with intermediate states 
should be closely examined, especially if management actions are under consideration.
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The natural but also anthropogenic origins of nitrate
Nitrate is related to the fluvial continental influence, which is considered of natural origin. However, 
the sources of NO3 are in large part agricultural, and thus anthropogenic. Colorimetric techniques do 
not discriminate between natural and anthropogenic NO3. While this can be done by dual isotope 
analysis of δ15N-NO3 and δ18O-NO3 (Korth et al., 2014; Kuuppo et al., 2006), this technique is too ex-
pensive for routine monitoring purposes. Future research should include the development of cost-ef-
fective, quantitative methods to distinguish between NO3 from natural vs. anthropogenic sources 
likely to reach coastal waters from the continent. Such methods will lead to the improvement of the 
FAN and FLU index method, and thus to more accurate assessments of water state.
3.3.3. Applicability
General applicability of the method based on the FAN and FLU indexes
The FAN and FLU indexes can be applied not only to in situ data but also to the results of laboratory 
experiments. They can also be used in silica, for example in modelling the changes in continental 
influences over time that occur after implementation of a management action. Therefore, these in-
dexes have scientific applications, by expanding current knowledge of coastal systems. They are also 
of administrative utility, as they may facilitate the implementation of environmental laws, contribute 
to decision-making regarding management actions, and thus help to achieve an integrated approach 
to coastal zone management. Examples of the applicability of the FAN and FLU indexes with respect 
to the Catalan coast, including an assessment of the physicochemical state of its coastal waters, are 
presented in Chapter 4.
The FAN and FLU indexes as pressure and state indicators
Within the DPSIR framework, the European Environment Agency (1999) has compiled 127 environ-
mental indicators, covering 22 environmental topics, used to link human activities to environmental 
impacts and has selected a core set of 42 indicators structured into six thematic areas. Nutrients in 
transitional, coastal and marine waters is an EEA indicator included in both lists. For the EEA’s entire 
indicators list, it is a descriptive indicator (Type A) focused on pressures, when applied in the context 
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of biodiversity indicators, and focused on states, when applied in the context of water indicators. For 
the EEA’s core set of indicators, it is focused on states, in the context of the “Marine and maritime” 
thematic area and the topic “Transitional, coastal and marine water quality.” Because the FAN and FLU 
indexes are completely linked to this indicator, they can be used as pressure and state indicators with-
in the DPSIR framework and thus in an ecosystem approach analysis. In fact, the FAN and FLU indexes 
provides information on the risk of eutrophication on coastal waters and on physicochemical state 
coastal waters.
Applicability of the method based on the FAN and FLU indexes in the
implementation of European environmental laws
Some of the currently most important environmental laws at the European level are make use of 
the DPSIR framework. Therefore, the application of the FAN and FLU indexes to the implementation 
of these laws is fully justified. For example, the two indexes can be used as physicochemical quality 
elements in the establishment of ecological status, as defined by the WFD, or in the establishment of 
environmental status, defined by the Marine Strategy Framework Directive, in relation to Descriptor 
5, Eutrophication. 
The FAN index (1994- 2004) and its corresponding boundaries for CIW and CNW are currently being 
used to assess the general physicochemical conditions of Mediterranean coastal waters and Mediter-
ranean estuary bays. Thus, this index has already been published by the Catalan Water Agency (Agèn-
cia Catalana de l’Aigua, 2013) and the Spanish Ministry of Environment [Law RD 817/2015; Gobierno 
de España (2015)] for the assessment of the state of superficial waters in the enforcement of the WFD.
The method based on the FAN and FLU indexes as a cornerstone for coastal
water management
The conceptual model supporting the method based on the FAN and FLU indexes (Figure 2), validat-
ed with data from the Catalan coast, reveals the relationship among continental (anthropogenic and 
natural) influences and Chl-a concentrations. Nutrient concentrations when used jointly with Chl-a are 
a closer step toward a eutrophication assessment (Gelabert et al., 2008) because in these assessments 
it would be relevant to establish the origin of the biomass since it would guide subsequent actions to im-
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prove the quality of coastal waters (Chapter 1). Therefore, the relationships addressed by the conceptual 
model are fundamental both for assessing the state of coastal waters and for management purposes.
Here we propose an approach for the integrated assessment of the state of coastal waters, based on 
the FAN and FLU indexes, as pressure indicators, and on the Chl-a concentration, as a eutrophication 
proxy and thus as an impact indicator. The first step is to evaluate eutrophication of coastal waters 
using the Chl-a concentration, which is directly related to the pressure exerted by the continental 
influences reaching coastal waters. In the case of high Chl-a concentrations, the natural and anthro-
pogenic origins of these continental influences must be determined, using the FAN and FLU indexes. If 
cultural eutrophication is detected—deduced by a high FAN index and a high Chl-a concentration—
management actions aimed at diminishing the impact (Chl-a) caused by the anthropogenic pressures 
(nutrients of urban origin) must be considered to restore the state of coastal waters.
Given the difficulty in distinguishing between natural (autochthonus eutrophication) and human induced 
stresses in the environment (Warwick, 1993), this integrated assessment approach, which allows the de-
tection of cultural eutrophication, is currently the cornerstone for decision-making regarding coastal 
zone management.
BOX 1  ·  Protocol for applying the method based on the FAN and FLU indexes. If the available 
data are from CIW and outermost coastal waters (CNW and COW), steps I–XI should be 
followed; if the available data are from CIW or from outermost coastal waters, steps VI–VIII 
should be omitted (shown in italics).
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I. Calculate FWC for each salinity sample of the database [Eq. (1)]:
FWC = [1000-{(1000*salinity)/MAXSAL}]
where MAXSAL is the maximum salinity value of the coast (e.g., 38.4 for the Catalan coast)
II. Transform the dissolved inorganic nutrients concentrations and FWC values of each sample in 
the database [Eq. (2)]: 
v' = log10(v+1)
III. Calculate the FAN and FLU indexes for each sample of the database [Eqs. (5) and (6)]: 
FAN index = -0.19* NO3+2.86* NO2+1.42* NH4+2.91*
PO4-0.27* SiO4-0.35*FWC-0.60
FLU index = 0.86* NO3-0.37* NO2-0.52* NH4-0.89*
PO4+1.15* SiO4+0.87*FWC-2.00
IV. Calculate the mean of the indexes for CIW and/or for outermost coastal waters (CNW and COW). 
V. Assign a water quality category to the FAN index means and a fluviality category to the FLU 
index means, following Table 7.
VI. Assign a water quality partial score to the water quality categories of CIW and of outermost coastal 
waters, and do the same for fluviality, following Table 7.
VII. Calculate the global score of water quality by calculating the mean of the two partial scores, and do 
the same for fluviality.
VIII. Assign a global water quality category to the global score of water quality, and do the same for 
fluviality, following Table 8. 
IX. Assign a continental influences category using the water quality and fluviality categories 
(obtained in step V or VIII), following Table 9.
X. Assign an anthropogenic component of the trophic state category using the water quality 
category (obtained in step V or VIII), following Table 10.
XI. Assess the risk of eutrophication and the risk of cultural eutrophication using continental 
influences categories (obtained in step IX).
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4. CONCLUSIONS
A conceptual model in which continental influences on coastal waters were proposed to trigger pri-
mary production (Chl-a) and thus enhance eutrophication was described herein. These continental 
influences were divided into urban and fluvial ones. The former are linked to NH4, PO4, and NO2 con-
centrations, and the latter to freshwater content, NO3, and SiO4 concentrations. Urban continental in-
fluences reaching coastal waters are considered to be of anthropogenic origin and are assessed using 
the FAN index. Fluvial continental influences are assumed to be of natural origin and are assessed us-
ing the FLU index. By distinguishing between natural and anthropogenic pressures on coastal waters 
based on physicochemical variables, the method provides a means to assess the risks of eutrophica-
tion and cultural eutrophication. Merging the results of the FAN and FLU indexes with measurements 
of the Chl-a concentration provides an indicator of the extent of cultural eutrophication of coastal 
waters and thus an essential tool the management of coastal waters.
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APPENDIX
1. Methods used to quantitatively assess eutrophication
APPeNDiX 1  ·  Methods used to quantitatively assess eutrophication, classified by the statistical 
analyses involved, and examples of their application.
Descriptive analyses
Descriptive statistics
Ryther and Dunstan (1971)
Justic et al. (1995)
Karydis (1996)
Wu and Wang (2007)
Ignatiades (2005)
European Environment Agency (2015)
Frequency distributions
Giovanardi and Tromellini (1992)
Karydis and Kitsiou (2012)
Karydis (1996)
Zurlini (1996)
Stefanou et al. (2000)
Outliers Karydis (1994)
One-dimensional
statistical analyses
Correlations Vounatsou and Karydis (1991)
Analyses of variance Tsirtsis and Karydis (1998)Primpas and Karydis (2010)
Univariate indexes Karydis et al. (1983)
Multi-dimensional
statistical analyses
Regressions Vounatsou and Karydis (1991)Nikolaidis et al. (2006)
Multivariate analyses of variance Olivos et al. (2002)Vezzulli et al. (2004)
Cluster analyses
Stefanou et al. (2000)
Zhou et al. (2007)
Primpas et al. (2008)
Principal component analyses
Vounatsou and Karydis (1991)
Bizsel and Uslu (2000)
Lundberg et al. (2005)
Primpas et al. (2007a)
Zhou et al. (2007)
Wu and Wang (2007)
Lundberg et al. (2009)
Primpas et al. (2010)
Joseph and Ouseph (2010)
Grangere et al. (2012)
Multi-dimensional scaling
Karydis (1992)
Dell’Anno et al. (2002)
Lee et al. (2004)
Correspondence analyses
Attayde and Bozelli (1998)
Sterza et al. (2008)
Grangere et al. (2012)
Zhao et al. (2014)
Discriminant analyses Tsirtsis and Karydis (1998)
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Multi-dimensional
statistical analyses Multivariate indexes
Zhou et al. (1983)
Cooper et al. (1994)
Costa et al. (1992)
Vollenweider et al. (1998)
Vollenweider et al. (1998)
Primpas et al. (2007b)
Pettine et al. (2007)
Giordani et al. (2009)
This study
Multiple criteria analysis Moriki and Karydis (1994)Moriki et al. (1996)
Mapping Kitsiou and Karydis (2000)Kitsiou and Karydis (1998a)
Modelling Arhonditsis et al. (2003)Tett et al. (2003)
Procedure
Ignatiades et al. (1992)
Giovanardi and Tromellini (1992)
Karydis (1996)
Zurlini (1996)
Andersen et al. (2010)
Andersen et al. (2011)
Garmendia et al. (2012)
Integrated approaches
MCA and mapping
Kitsiou and Karydis (1998b)
Gomes and Lins (2002)
Kitsiou et al. (2002)
Zhang and Huang (2011)
MCA and model Arhonditsis et al. (2002)Karydis (2005)
DPSIR
Bricker et al. (2003)
Newton et al. (2003)
Scheren et al. (2004)
Civili (2004)
Pirrone et al. (2005)
Karageorgis et al. (2005)
Borja et al. (2006)
Trombino et al. (2007)
Atkins et al. (2011b) 
Atkins et al. (2011a) 
Tett et al. (2011)
Nobre et al. (2011)
Gregory et al. (2013)
Langmead et al. (2009)
Garmendia et al. (2012)
Windolf et al. (2012)
Zhang and Xue (2013)
Pinto et al. (2013)
O’Higgins et al. (2014)
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2. Box-plots of FAN and FLU indexes, dissolved inorganic  
    nutrients and FWC by categories of water quality and   
    fl uviality
Box-plots with descriptive statistical parameters of the variables and the indexes themselves for the 
corresponding fi ve categories of water quality (Appendix 2.1) and fl uviality (Appendix 2.2) for inshore 
and outermost (nearshore and off shore) coastal waters. The statistical parameters were calculated 
using the time series dataset related to the WFD for the Catalan coast (1994–2014).
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APPeNDiX 2.1  ·  Box-plots of NO2, NH4, and PO4 concentrations (µM) and of the FAN index for 
the fi ve categories of water quality (QUALITY) for inshore (left) and outermost (nearshore and 
off shore; right) coastal waters. The plots were obtained using the time series dataset related to 
the WFD for the Catalan coast (1994–2014).
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APPeNDiX 2.2  ·  Box-plots of FWC, NO3, and SiO4 concentrations (µM) and of the FLU index for 
the fi ve categories of fl uviality for inshore (left) and outermost (nearshore and off shore; right) 
coastal waters. The plots were obtained using the time series dataset related to the WFD for the 
Catalan coast (1994–2014).
3. Boundaries and ranges of the water quality and fl uviality         
    categories in terms of dissolved inorganic nutrients and FWC 
The boundaries for the water quality and fl uviality categories in terms of the concentrations of fi ve 
dissolved inorganic nutrients and FWC used to calculate the FAN and FLU indexes were determined, 
together with the lower and upper ranges for inshore and outermost (nearshore and off shore) coastal 
waters. The calculations relied on the time series dataset related to the WFD for the Catalan coast 
(1994–2014). The median, and 25th and 75th percentiles were calculated for each category and for 
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each coastal water area. Then boundaries and their lower and upper ranges were obtained by cal-
culating the means of the medians and the means of the 25th and 75th percentiles of neighboring 
categories, respectively.
APPeNDiX 3  ·  Boundaries and lower and upper ranges of the water quality and fluviality 
categories, based on the main variables defining the FAN and FLU index (see text for details on 
the calculations). 
Boundary 
(FAN index)
inshore Nearshore and offshore
High-good good-moderate
Moderate-
poor Poor-bad High-good
good-
moderate
Moder-
ate-poor Poor-bad
PO4 (µM) 0.26 0.37 0.53 1.03 0.11 0.16 0.21 0.40
NO2 (µM) 0.18 0.23 0.32 0.63 0.13 0.24 0.28 0.51
NH4 (µM) 1.40 2.56 3.88 7.20 0.78 1.61 2.79 5.62
Boundary 
(FLu index)
inshore Nearshore and offshore
Very low-
low
Low-
medium
Medium-
high
High-very 
high
Very low-
low Low-medium
Medium-
high
High-very 
high
SiO4 (µM) 1.50 2.50 4.25 10.37 0.67 1.27 2.10 4.74
NO3 (µM) 1.41 2.76 5.49 16.34 0.30 0.97 2.38 6.02
FWC 9.11 16.93 28.65 75.52 9.11 13.87 22.52 54.04
Lower 
boundary 
(FAN index)
inshore Nearshore and offshore
High-good good-moderate
Moderate-
poor Poor-bad High-good
good-
moderate
Moder-
ate-poor Poor-bad
PO4 (µM) 0.17 0.25 0.35 0.63 0.07 0.10 0.13 0.23
NO2 (µM) 0.11 0.14 0.19 0.35 0.07 0.14 0.18 0.31
NH4 (µM) 0.89 1.80 2.76 4.42 0.48 1.12 2.10 3.69
Lower 
boundary 
(FLu index)
inshore Nearshore and offshore
Very low-
low
Low-
medium
Medium-
high
High-very 
high
Very low-
low Low-medium
Medium-
high
High-very 
high
SiO4 (µM) 0.98 1.76 3.00 6.21 0.34 0.80 1.31 2.94
NO3 (µM) 0.79 1.67 3.30 7.69 0.15 0.47 1.38 3.50
FWC 3.91 11.72 19.53 42.97 5.35 8.82 14.49 36.29
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upper 
boundary 
(FAN index)
inshore Nearshore and offshore
High-good good-moderate
Moderate-
poor Poor-bad High-good
good-
moderate
Moder-
ate-poor Poor-bad
PO4 (µM) 0.38 0.54 0.77 2.03 0.17 0.23 0.31 0.80
NO2 (µM) 0.28 0.36 0.49 1.43 0.24 0.38 0.47 0.94
NH4 (µM) 2.06 3.53 5.27 15.21 1.18 2.17 3.41 8.28
upper 
boundary 
(FLu index)
inshore Nearshore and offshore
Very low-
low
Low-
medium
Medium-
high
High-very 
high
Very low-
low Low-medium
Medium-
high
High-very 
high
SiO4 (µM) 2.16 3.51 6.11 18.70 1.03 1.73 2.89 7.45
NO3 (µM) 2.36 4.45 9.34 35.12 0.66 1.89 4.15 11.45
FWC 13.02 23.44 44.27 143.23 14.19 20.05 36.20 83.33
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ABSTRACT
Coastal inshore waters (CIW), defined as marine waters between 0 and 200 m from the shoreline, rep-
resent < 1% of coastal waters but they comprise an essential habitat for many organisms, including 
those of human interest. However, given their proximity to direct continental influences, the risk of eu-
trophication is higher in CIW than in outermost coastal waters. In this study, the physicochemical and 
biological features of the CIW over time were characterized and the results compared with those from 
outermost coastal waters. Specifically, the seasonality and trend patterns of inshore and outermost 
coastal waters were identified and causally linked, including a determination of their natural or anthro-
pogenic origin. The aims of the study were achieved using the time series from the Catalan coast (24 
years, NW Mediterranean), together with generalized additive models and time series decomposition, 
imputing the missing data. Whether the continental pressures causing the observed temporal varia-
bility derived from natural vs. anthropogenic sources was determined using the FAN (Phosphate-Am-
monium-Nitrite) and FLU (FLUviality) indexes. Our results showed that CIW clearly differed from out-
ermost coastal waters in their temporal variability, which was shown to be highly influenced by the 
proximity of the continent. For example, seasonality of primary production (chlorophyll-a) was not 
nutrient-limited during summer. The seasonal variability of CIW was manifested in seven zones along 
the coast, revealing a high spatial variability. By contrast, the seasonality of outermost coastal waters 
followed the natural pattern described for superficial open Mediterranean waters all along the coast. 
During the study period, several trends were identified within CIW but none within outermost coastal 
waters. Urban continental influences (measured with the FAN index) increased in CIW, whereas fluvial 
continental influences (FLU index) decreased. By shedding light on the ecological dynamics of coastal 
environments, these results, particularly the temporal variability of CIW, and their interpretation will 
be highly valuable not only to the scientific community but also to the governmental authorities and 
agencies responsible for coastal environments. Our study thus contributes to the achievement of reg-
ulatory objectives and offers an integrated approach to coastal zone management.
1.  INTRODUCTION
Coastal zones are among the most biodiverse and biologically productive ecosystems on Earth and 
are therefore of major environmental, economic, and social importance. Phytoplankton annual net 
primary production in their waters is estimated to be 50 pg C year−1 (Malone, 2016). Other important 
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ecological functions provided by coastal zones include filtering terrestrial inflows, preventing erosion, 
and offering food and shelter for a wide variety of organisms (Creel, 2003). In addition, coastal zones 
are the “golden area” in marine socioeconomic developments (Zhang, 2012), by sustaining major activ-
ities related to agriculture, fisheries, industry, urbanization, transport, and tourism (Cole and McGlade, 
1998; Creel, 2003; Lopez y Royo et al., 2009; San Vicente, 1999; Springer et al., 1996). Although they 
comprise just 20% of the Earth’s surface, coastal zones are home to 45% of the entire human popu-
lation (Schäfer et al., 2010). The population in the low-elevation coastal zone (< 10 m of elevation) in 
the year 2000 was 625.2 million, and it is expected to reach 938.9 million in 2030 and 1,318.3 million 
in 2060 (Neumann et al., 2015). Therefore, coastal zones are and will continue to be the marine envi-
ronment most affected by anthropogenic pressures. Indeed, they are currently one of the most highly 
threatened environments.
Coastal inshore waters (CIW; Chapter 1), defined as coastal waters between 0 and 200 m from the 
shoreline, represent < 1% of coastal waters but they are an environment with distinct characteris-
tics, due in part to their extremely dynamic physicochemical and biological processes. Direct con-
tinental inflows, of natural and anthropogenic origin, into CIW produce highly distinctive gradients 
and account for a wide spatial heterogeneity, such that the risk of eutrophication is greater than 
in outermost coastal waters. The CIW of the Mediterranean Sea exhibit highly unique features for 
several reasons. First, the Mediterranean Sea is micromareal (Masselink and Short, 1993), and its low 
tidal range [20-40 cm; Day et al. (1995)] hinders the dilution of continental inflows. Second, the olig-
otrophic status of the Mediterranean Sea (D’Ortenzio and d’Alcala, 2009; Estrada, 1996) enhances the 
differences between its oceanic waters and CIW. Third, the intense population density along most 
of the Mediterranean coast [20–1000 inhabitants/km²; GRID-Arendal (2013)] drastically impacts the 
sea’s CIW via continental inputs. Consequently, the physicochemical and biological processes taking 
place in Mediterranean CIW are intensified, leading to the formation of steeper gradients between 
the CIW and oceanic waters of this sea as well a higher risk of eutrophication than in coastal waters 
elsewhere in the world.
Studies of the physicochemical and biological characterization of the Mediterranean Sea are abun-
dant, unlike those focusing on its CIW. In fact, CIW have been largely ignored, except in a few studies 
investigating river plumes (Romero et al., 2001; Troussellier et al., 2002) and human health (Myers and 
Ainger, 2013), in which physicochemical data were reported, and in an exhaustive spatial characteri-
zation of the Catalan Coast (Chapter 1).  Other studies consisted of a temporal characterization of the 
Mediterranean Sea, including the seasonality of its open waters (Karydis and Kitsiou, 2012; Marty and 
Temporal variability 
131
Chiaverini, 2010; Segura, 2007). Their results consistently showed the vertical mixing of Mediterrane-
an waters during winter, when concentrations of dissolved inorganic nutrients (DINut) are highest, 
and water stratification during summer, coinciding with nutrient limitation at the sea surface. Inves-
tigations of the seasonality of chlorophyll-a (Chl-a) levels, which is the result of nutrient and light 
availability, determined maximal concentrations in winter and minimal concentrations in summer. 
Studies conducted in the context of climate change evaluations focused mostly on the air or surface 
water temperature, the values of which were shown to increase over time (Skliris, 2011; Xoplaki et 
al., 2003). Trends in other physicochemical variables or in Chl-a have been investigated based on the 
oldest time series of the Mediterranean Sea (data collection started before 2000), such as the time 
series located near Estartit [1974; Salat and Pascual (2002)], Blanes [BBMO, 1992; Gasol (2007)], Mal-
lorca [1994; Fernández de Puelles and Molinero (2008)], Nice [DYFAMED, 1991; Marty (2002)], Naples 
[LTER-MC, 1984; Marine Coastal Information Sytem (2008)], and Trieste [1989; Mozetic et al. (2012)]. 
However, the respective trend analyses were based on a single sampling point that did not cover 
either CIW or a large area (Mozetic et al., 2012; Mozetic et al., 2010). 
In this study, the physicochemical and biological features of the CIW were, for the first time, temporal-
ly characterized and the results compared with those of the outermost coastal waters. The temporal 
characterization enables the identification of seasonality and trends in inshore and outermost coastal 
waters. The trends were then linked to their causes, distinguishing between those that were of natu-
ral vs. anthropogenic origin. The study objective was achieved using the time series from the National 
Catalan Coastal Water Monitoring Program. This time series is representative of NW Mediterranean 
waters but unusual in its temporal and spatial coverage, as the database contains information collect-
ed over 24 years, from June 1990 to December 2014. The database was analyzed using generalized 
additive models (GAMs) and time-series decompositions (TSDs), imputing the missing data. In addi-
tion, the FAN (Phosphate-Ammonium-Nitrite) and FLU (FLUviality) indexes were used to distinguish 
between natural and anthropogenic causes of temporal variability, as they provide information on 
the main continental pressures on coastal waters. The FAN index is used to assess urban continental 
influences and the FLU index fluvial continental influences (Chapters 2 and 4). Our results and the 
related discussion on temporal variability, the topic that motivated this study, allowed us to propose 
several recommendations for future research and regulatory efforts aimed at the management of 
coastal waters.
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2.  MATERIALS AND METHODS
2.1. Study area
The Catalan coast (Figure 1) is located between 3° 19’ 59,94” E and 42° 29’ 0,09” N and between 0° 9’ 41, 
69” E and 40° 31’ 27,56” N. It is representative of the NW Mediterranean coast in terms of geography, 
demographics, and socioeconomic development. 
The climate in this area is coastal Mediterranean, with four differentiated seasons, moderate tem-
peratures due to the smoothing effect of the sea, and irregular precipitation (Carreras, 1992). During 
winter, the Mediterranean coastal region rarely freezes and the mean temperature is around 11ºC. 
During summer, the mean temperature is around 24ºC and the humidity is high (Institut d’Estadística 
de Catalunya, 2015b). Precipitation is scarce throughout the year, occurring mostly in spring and, 
particularly, in autumn. Yearly mean precipitation is between 700 mm in the NE region and 480 mm 
in the SW (Institut d’Estadística de Catalunya, 2015a). 
The Catalan coastal zone occupies 7,257.50 km2 (Agència Catalana de l’Aigua, 2005) and delimits the 
Mediterranean Sea over 870 km (Institut d’Estadística de Catalunya, 2010). Its continental topography 
ranges from rocky and steep to sandy and flat, with some deltaic areas, the most important of which 
is the Ebre delta (Serra and Canals, 1992). Catalan watersheds consist of ephemeral streams, nine 
medium to small rivers, and the Ebre River in the south, all of which open directly into the Mediterra-
nean Sea. The Ebre River drains a watershed of 84,230 km², with a mean water discharge at the river’s 
mouth of 416 m³/s (Ludwig et al., 2009). Other major rivers in the nation drain a total area of 13,400 
km² and have mean water discharges between 0.3 and 16.3 m³/s (Liquete et al., 2009). Coastal land 
use varies in its percent coverage depending on the area: agricultural land covers 0.4–49.2%, forests 
17.2–77.2%, and urban areas 5.5–81.7% (Institut d’Estadística de Catalunya, 2015c). Agricultural land 
use predominates in the SW, and urban areas along the central coast, even though urban land use 
is present along the entire coast and describes 13.8% of the total coastal zone (Biblioteca del con-
sorci el Far, 2010; Institut d’Estadística de Catalunya, 2015c). Of the 7,522,596 inhabitants in Catalonia, 
4,942,044 (66%) live in the coastal zone (Institut d’Estadística de Catalunya, 2016). However, the pop-
ulation density along the coast is highly variable, ranging from 33 inhabitants/km² in the Ebre basin 
(Ferré, 2007) to 15,319.6 habitants/km² in the metropolitan Barcelona area (Institut d’Estadística de 
Catalunya, 2016). Wastewater is currently treated at 504 water treatment plants in Catalonia, which 
process the wastewater generated by 97% of Catalonia’s population (Agència Catalana de l’Aigua, 
2016). These plants have a treatment capacity of 2,906,672,000 m³/day and serve a population equiv-
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alent of 16,126,893 (Institut d’Estadística de Catalunya, 2015). Coastal waters receive 50% of the total 
amount of Catalan waste waters, corresponding to a population equivalent of 9,000,000 (Agència 
Catalana de l’Aigua, 2011). Along the Catalan coast, there are 48 wastewater systems (16, 13, and 18 
in Girona, Barcelona, and Tarragona provinces, respectively), which include 51 wastewater treatment 
plants, 31 submarine outfalls, ~300 pumping stations, and ~700 km of upstream collectors (Agència 
Catalana de l’Aigua, 2011). The wastewater systems of Barcelona treat 80% of the coastal wastewater, 
and those of Girona and Tarragona 10% each (Agència Catalana de l’Aigua, 2011).
Figure 1  ·  Map of the Catalan coast. The main characteristics of the land, coastline (black line), 
urban areas (brown), and rivers (blue) are shown together with the three coastal provinces. The 
bathymetry of coastal waters (meters depth; gray), the water bodies (black framed polygons) and 
the sampling stations are indicated, as are several topographic features. The color of the sampling 
station depends on the location in coastal waters: a) green dots: CIW (coastal inshore waters; 
0–200 m from the shore); b) purple dots: CNW (coastal nearshore waters; 1,000 m), and c) orange 
dots: COW (coastal offshore waters; 5,000 m).
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The underwater topography of the Catalan coastal zone is complex: the continental shelf is usually 
narrow [average = 15–20 km; Maldonado (1995)] but it widens along its border with the Ebre delta 
(maximum = 54.5 km) and is almost non-existent (minimum = 1.6 km) in front of several canyons lo-
cated along the coast (Platónov, 2002). The general surface circulation is due to the Liguro-Provençal 
current, which moves from the NE towards the SW, and local superficial currents, which are close 
to the shore and move towards the NE or also to the SW (Agència Catalana de l’Aigua, 2005). The 
tidal range is small and the sea weather, according to the Douglas scale (Harbord, 1897), is typically 
described as slight and occasionally as rough or very rough, especially during autumn (Agència Cat-
alana de l’Aigua, 2005).
2.2. Sampling strategy and laboratory methods
In this study, 231 stations of the National Catalan Coastal Water Monitoring Program were sampled 
along the entire Catalan coast. These stations were representative of three areas of coastal waters: CIW 
(0–200 m from the shore), coastal nearshore waters (CNW; 200-1,500 m from the shore), and coastal 
offshore waters (COW; > 1,500 m from the shore) (Figure 2). CNW and COW define the outermost 
coastal waters, and the CIW the innermost. Within COW, 36 stations located 5,000 m from the shore 
were sampled, and within CNW, 71 stations located 500–1,500 m from the shore (but mostly 1,000 
m). Within CIW, sampling was conducted at 124 stations located 0–200 m from the shore, depending 
on the depth (< 2 m depth). Following the implementation of the Water Framework Directive (Euro-
pean Commission, 2000), the Catalan coast was divided into 36 water bodies (WBs), including CNW 
and CIW stations. During the study period, from 1990 to 2014, not all stations were sampled, due 
either to changes in the sampling strategy made to optimize the survey or to economic constraints. 
When possible, COW and CNW stations were sampled quarterly by boat, and CIW stations quarterly 
or monthly, depending on the variability of the data, from the shore. Surface temperature (TEMP) and 
salinity were measured directly at each station using a Celsius thermometer and a Practical Salinity 
Scale WTW probe (model 315). Surface seawater (0.5 m) was sampled to determine DINut concen-
trations in 50-mL subsamples and Chl-a concentrations in 60-mL (CIW) and 180-mL (CNW and COW) 
subsamples. Chl-a subsamples were first filtered through 25-mm Whatman GF/F glass-fiber filters. 
The DINut subsamples and Chl-a filters were frozen upon their arrival in the laboratory. Nitrate (NO3), 
nitrite (NO2), ammonia (NH4), phosphate (PO4), and silicate (SiO4) concentrations (µM) were deter-
mined using an autoanalyzer (Evolution II, from Alliance Instruments or AA3 HR Bran+Luebbe, from 
Seal Analytical) and colorimetric techniques (Grasshoff et al., 1983). Chl-a on the filters was extracted 
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in 8 mL of 90% acetone for 48 h, after which the concentration (µg/L) was determined using a Turner 
Designs fluorometer and following the method of Yentsch and Menzel (1963).
2.3. Statistics
2.3.1. Data processing
The dataset comprised 14,974 entries, representing sampling from June 1990 to December 2014. 
CIW data covered the entire study period (12,890 entries), and CNW and COW data the period from 
Figure 2  ·  Missingness map of the physical, chemical, and biological variables of the time 
series data subset by coastal water area. Data from CIW covered the period from June 1990 to 
December 2014. Data from CNW and COW covered the period from August 1996 to December 
2014. For each coastal water area, the beginning of the study period is indicated at the top, 
and the last year of the study, 2014, at the bottom of the y axis. Entries with missing values are 
indicated in yellow and those with values in the time series data subset in brick red. Temperature 
is not represented. Variables are ordered by their missing rate: FAN and FLU indexes, silicate (SIO4; 
µM), freshwater content (FWC), salinity, chlorophyll-a (CHLA; µg/L), ammonium (NH4; µM), nitrite 
(NO2; µM), phosphate (PO4; µM) and nitrate (NO3; µM).
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August 1996 to December 2014 (1,570 and 514 entries, respectively). Prior to the imputation and to 
the time series analyses, the datasets were first processed (described below) using STATISTICAv.10 
data analysis software tool (StatSoft, 2003).
First, a study period monthly code (Time) was added to the dataset as a new column, in which all 
entries were assigned with a numerical value from 1, referring to June 1990, to 295, corresponding 
to December 2014, depending on the sampling date. As outermost coastal waters samples were 
obtained quarterly and to simplify the statistical analyses, the sampling dates of the CNW and COW 
entries were artificially assigned values related only to February, May, August, or November.
Second, the salinity data were transformed into freshwater content (FWC), following Eq. (1), with 38.4 
fixed as the maximum salinity value of the Catalan coast.
 FWC = [1,000-{(1,000*salinity)/38.4}]                                    (1)
Third, the variables were checked for normality using histograms and Shapiro-Wilk tests (Royston, 
1982); if they were non-normally distributed, as is typical for environmental data (Cassie, 1962; Legen-
dre and Legendre, 1979), they were transformed. The transformation depended on the range of each 
variable and was selected to allow calculation of the logarithm. TEMP was transformed following Eq. 
(2) and FWC, Chl-a and DINut following Eq. (3).
 v’=log10(v)                                        (2)
 v’=log10(v+1)                                        (3)
Fourth, the FAN and FLU indexes were calculated for each entry of the dataset, using Eqs. (4) and (5) 
and the transformed values of DINut and FWC. The results were added as two new variables. Then, 
FAN and FLU indexes were transformed following Eq. (6), with -1.75 and -2.57 as their minimum val-
ues [min(v)], respectively.
 FAN index=-0.19*NO3+2.86*NO2+1.42*NH4+2.91*PO4-0.27*SiO4-0.35*FWC-0.60              (4)
 FLU index=0.86*NO3-0.37*NO2-0.52*NH4-0.89*PO4+1.15*SiO4+0.87*FWC-2.00              (5)
 v’=log10[v+1+{|min(v)|}]                    (6)
Fifth, exploratory data analysis was performed. Descriptive statistics for all variables were calculated 
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and descriptive plots of the original time series of the variables were drawn for the three coastal water 
areas. The monthly and yearly means and medians for all CIW variables were used to adjust the Lowess 
fittings (Cleveland, 1979), after which descriptive plots were drawn to visually assess patterns of sea-
sonality and trends. Statistical differences among months, seasons, years, and coastal water areas were 
then determined in two-way crossed analyses of similarities tests [ANOSIMs; Clarke and Gorley (2006)]. 
Finally, a data subset was created in which the mean of each variable for each coastal water area and 
each month of the study period (variable Time) was calculated. This subset had 443 entries and, after 
imputation of the missing data, was used in the time series analyses.
2.3.2. Imputation
Time series analyses require datasets without missing data. In the time series data subset of the study, 
imputation was carried out as follows:
First, entries with completely missing data were imputed with the monthly mean TEMP of the re-
spective coastal water area. This allowed imputation of the other missing data of the entry. TEMP was 
chosen because its seasonality was previously known.
Second, the rest of the missing data were imputed using the package Amelia (Honaker et al., 2011) 
within the R software (R Development Core Team, 2008). This package performs multiple imputations 
of incomplete multivariate data, by running an imputation model solved by expectation-maximiza-
tion using a bootstrapping algorithm, and creates complete imputed datasets. The model included 
different data trends over time across different coastal water areas and their possible interaction. A 
second-order polynomial was used to build time trends and a 1% ridge prior was added to maintain 
the numerical stability of the algorithm. This resulted in 1,000 new complete datasets having the 
same observed values and with missing values filled in with a distribution of imputations.
Third, imputation diagnostics were checked for the following: a) convergence of the over-dispersed 
starting values of the algorithm; b) fit of the model, based on an over-imputation of variables, i.e., 
comparisons of observed values with their own imputed values (mean and confidence interval); c) 
plausibility of the model, based on a comparison of the distribution of the imputed and observed 
values; and d) plausibility of the model, based on the coherence between the imputed (mean and 
confidence interval) and observed values over time across different coastal water areas.
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Finally, a unique complete time series data subset was generated with the observed values and the 
missing values filled in using the mean of the 1,000 imputed values of the complete datasets, thus 
reflecting the uncertainty of the missing data.
2.3.3. Time series analyses
Generalized additive models (Hastie and Tibshirani, 1990) and TSDs (Macaulay, 1931) were used to 
analyze the seasonal and trend components of each variable within CIW, CNW, and COW. The choice 
of GAMs as the primary method to study the time series was based on the following: (1) the shapes 
of the smooth functions of the seasonal and trend covariates, which define linear predictors, are not 
presupposed but are estimated from datasets and (2) GAMs reveal whether these functions are sta-
tistically significant. TSDs, the classical method to study time series (Hyndman, 2013), were chosen to 
validate the results of the GAMs. They were also used to obtain information on the temporal variability 
of the variables in cases when the GAMs behaved poorly, even though TSDs results lacked statistical 
significance. The mgcv (Wood, 2006) and stats (R Core Team, 2015) packages of R software were used.
The GAMs were estimated by a quadratically penalized likelihood type approach. Smooth terms were 
represented using penalized regression splines. Gaussian family and identity link function were se-
lected together with generalized cross validation as the smoothing parameter estimation method, 
and magic as the optimizer. The general formula used for all models is shown in Eq. (7):
 v’<- gam [v ~ s(MONTH) + s(TIME)]                   (7)
where s(MONTH) and s(TIME) are the smooth functions for the seasonal and trend components, re-
spectively. For seasonal components, the number of knots was specified 12 for the CIW data and of 4 
for the CNW and COW data. Deviance explained, expressed as a percentage, was used as a measure of 
goodness of fit. Model diagnostic plots included a QQ plot and a histogram of residuals, to assess the 
normal distribution of the residuals; a plot of residuals vs. the linear predictor, to assess the homosce-
dasticity of the linear predictor; and a plot of observed vs. fitted values, to check the fit of the model. 
Time series decompositions were performed in three steps. First, time series objects were created 
using the function ts (Becker et al., 1988), choosing a frequency of 12 for the CIW data and of 4 for 
the CNW and COW data. Second, the objects were decomposed into seasonal, trend, and remainder 
components using the stl function (Cleveland et al., 1990), selecting a periodic window and adjusting 
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a Loess fitting (Cleveland et al., 1988). Third, inter-quantile ranges (IQRs) for the three components 
and for the original data were calculated, with the TDS results reported as percentages of the ratios 
of the IQR of each component to the IQR of the original data.
The GAMs vs. the TSDs results were validated by visual comparison of their results and plots and then 
by fitting a linear model between the deviance explained percentages of the GAMs and the remain-
der IQR percentages of the TSDs and checking its goodness of fit (R2).
2.3.4. Interpolation plots
Maps showing the seasonal variability along the Catalan coast from the NE to the SW by coastal 
water area were drawn, fitting a surface to the xyz coordinate data using the STATISTICA software 
and according to the distance-weighted least squares smoothing procedure, with a stiffness of 0.25.
3. RESULTS
3.1. Imputation
In the time series data subset, the missing rate was 27% (1,205 of 4,430 values), without taking into 
account TEMP (Figure 2). Missingness was uniform across coastal water areas but not over time, re-
flecting the instances when sampling could not be performed. However, the imputation diagnostics 
showed that the imputation procedure was trustworthy. Therefore, the imputated time series data 
subset was suitable for posterior time series analyses.
3.2. Time series analyses
3.2.1. Exploratory data analysis
For all variables, values were higher and the ranges larger in the CIW than in CNW or COW (detailed 
statistics are shown in Appendix 1). The CNW and COW values and ranges were similar for all variables. 
In fact, ANOSIMs of the coastal water areas across months, seasons, and years revealed significant dif-
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ferences between CIW and outermost coastal waters but not between CNW and COW (p = 0.00001, 
p = 0.00001 and p = 0.00001, respectively). In addition, ANOSIMs of the months, seasons and years 
across coastal water areas revealed significant differences among months, seasons, and years (p = 
0.0002, p = 0.0001 and p = 0.00001, respectively).
Descriptive plots of the data, including the original time series plots of the variables for the three 
coastal water areas (Figure 3) and the seasonality and trend plots of the variables adjusted using the 
monthly and yearly means and medians of CIW (Appendix 2), differed in their shapes. In some cases, 
seasonality and trend patterns were visually identifiable, including the marked seasonality of TEMP in 
the three coastal water areas and the obvious decreasing trend of PO4 in CIW.
a
b
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3.2.2. Generalized Additive Models 
In this study, most of the GAMs performed well and were reliable, evidenced by the high goodness of 
fit values, measured by the percentage of deviance explained (Table 1), and by the adequacy of the 
models’ diagnostic plots. The percentage of deviance explained by the suitable models was between 
17.1% and 97.6%, with most of the values > 40%. The TEMP models were the most reliable as they 
showed the highest percentage of deviance explained (> 90% for the three of models each repre-
senting a coastal water area) and the best diagnostic plots. These results confirmed that the correct 
fitting procedure had been chosen for the GAMs and that the variable TEMP was the correct choice 
in the imputation of its missing data before the multiple imputation procedure. By contrast, the NH4 
GAMs for CNW and COW were not reliable models; their percentage of deviance explained were the 
lowest (< 10%) and their diagnostic plots inadequate. Consequently, these results were not taken 
into further account in the analysis.
The GAMs revealed significant (p < 0) seasonal and/or trend patterns for all variables and for all coast-
al water areas (excluding the NH4 GAMs for CNW and COW) (Table 1, Figure 4). Significant seasonal 
Figure 3  ·  Original time series plots of the variables for the three coastal water areas: a) CIW, 
b) CNW, and c) COW. Time (x axis) is given in months, and the time series (y axis) in model units. 
Variables: temperature (TEMP), freshwater content (FWC), chlorophyll-a (CHLA), nitrate (NO3), 
nitrite (NO2), ammonium (NH4), phosphate (PO4), silicate (SIO4), and FAN and FLU indexes.
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patterns usually manifested as Gaussian-like or inverted Gaussian-like curves, with maximum and 
minimum values occurring during different months depending on the variable. For example, within 
CIW, TEMP reached its maximum during summer, and NO3 its maximum during winter (Figure 4). 
Significant trends manifested as a linear shape that reflected a clear and constant trend over time, 
e.g., NO2 within CIW; as a convex or concave curve that indicated a clear change in the trend over 
time, e.g., PO4 within CIW; or as an undulating curve that revealed changes in the trend on several oc-
casions over time, e.g., Chl-a within CIW. Undulating curves reflected a clear increase or decrease, or 
an undefined trend. Variables with significant seasonality and trend pattern within a specific coastal 
water area always exhibited a seasonal variability (defined over the range of the linear predictor) that 
was less than the trend variability, indicating larger variations over time than over a year.
AreA VAriABLe
gAM TSD (%iQr)
SeASONAL TreND %DeV.eXPL. SeASONAL TreND reMAiNDer
CIW TEMP ***  97.60 104.4 3.0 7.3
CIW FWC *** *** 36.00 44.7 89.9 67.5
CIW Chl-a *** *** 29.80 41.8 74.8 88.9
CIW NO3 ***  56.10 70.0 79.9 48.5
CIW NO2 *** *** 17.10 34.8 58.1 66.7
CIW NH4  *** 36.10 19.1 87.3 64.2
CIW PO4  *** 52.00 13.9 77.9 49.9
CIW SiO4 * *** 37.00 37.1 68.3 67.9
CIW FAN index ** *** 20.90 33.7 73.5 79.7
CIW FLU index * *** 47.80 15.3 88.7 49.6
CNW TEMP ***  94.00 51.8 8.4 12.1
CNW FWC *** *** 57.80 51.5 113.2 72.8
CNW Chl-a *** *** 63.90 34.2 55.3 66.4
CNW NO3 ***  62.70 49.2 36.6 41.2
TABLe 1  ·  Main results of the GAMs and TSDs by variable and coastal water area: CIW, CNW 
and COW.  0 ‘***’, 0.001 ‘**’, and 0.01 ‘*’ are the signification codes for the seasonal and trend 
components in the GAMs. The percentage of deviance explained by each model (%DEV.EXPL.) 
is also indicated. TSD results for the seasonal, trend, and remainder components are shown as 
percentages of the ratios of their interquartile range (IQR) to the IQR of the original data. Variables: 
TEMP (temperature; °C), FWC (freshwater content), CHLA (chlorophyll-a; µg/L), NO3 (nitrate; µM), 
NO2 (nitrite; µM), NH4 (ammonium; µM), PO4 (phosphate; µM), SIO4 (silicate; µM), and FAN and 
FLU indexes.
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In CIW (Figure 4a), the variables that showed a significant seasonality were TEMP, FWC, Chl-a, NO3, 
and NO2, and all except TEMP and NO3 exhibited a significant trend. The trends in NO2, PO4, and 
FWC were not due to a sampling strategy effect, as stations with higher-value variables were sampled 
throughout the study period.
In CNW (Figure 4b), the variables that showed a significant seasonality were TEMP, FWC, Chl-a, NO3, 
NO2, SiO4, and the FAN index. The seasonality of TEMP, NO3, and NO2 was similar to that of CIW but 
the seasonality of FWC, Chl-a, and SiO4 was not. While the variables FWC, Chl-a, PO4, and the FAN and 
FLU indexes showed significant trends, none consisted of clear increases or decreases.
In COW (Figure 4c), TEMP, FWC, Chl-a, NO3, NO2 and SiO4 showed a significant seasonality. The sea-
sonality of TEMP, NO3, and NO2 was similar to that within CIW, but as in CNW this was not the case 
for FWC, Chl-a, and SiO4. The seasonality of TEMP, FWC, Chl-a, NO3, NO2, and SiO4 was similar in CNW 
and COW. The variables with a significant trend were FWC, Chl-a, PO4, and the FAN and FLU indexes. 
These same variables showed similar trends as within CNW but their curve shapes were smoother 
and their raw values usually lower. However, a clear general increasing or decreasing trend was not 
detected in any of them.
CNW NO2 ***  40.00 67.1 47.8 57.3
CNW NH4 *  8.07 14.6 64.2 54.0
CNW PO4 * *** 49.70 30.0 77.5 59.5
CNW SiO4 ***  32.40 78.7 48.5 74.7
CNW FAN index *** *** 46.00 57.1 70.7 57.9
CNW FLU index ** *** 50.60 57.5 82.6 85.4
COW TEMP ***  93.30 48.6 8.7 10.4
COW FWC *** *** 64.30 43.3 88.6 51.2
COW Chl-a *** *** 62.70 35.3 51.9 58.8
COW NO3 *** ** 61.00 50.5 39.9 52.2
COW NO2 *** *  49.70 67.2 40.3 48.3
COW NH4 *  7.66 48.1 62.9 94.3
COW PO4 * *** 43.60 35.7 95.2 47.3
COW SiO4 *** * 33.80 52.9 70.8 89.0
COW FAN index ** *** 48.70 58.5 72.9 74.2
COW FLU index ** *** 51.60 66.6 60.5 67.6
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3.2.3. Time Series Decompositions 
The TSD results validated those of the GAMs, as evidenced by the following. First, the seasonal and 
trend curves obtained for the TSD plots (Appendix 3) were similar to those of the GAMs. Variables 
with a high seasonal IQR percentage (>34%; Table 1) also showed a significant seasonality within the 
GAMs, and variables with a high trend IQR percentage (>50%) a significant trend within the GAMs, 
except SIO4 within COW. Second, the percentages of deviance explained in the GAMs and the TDSs 
remainder IQR percentages were inversely proportional (R2=59.3%), meaning that the greater the 
proportion of the data explained by the GAMs, the smaller the stochastic component (data not as-
signed to seasonal or trend components) detected by the TSDs.
The temporal variability of NH4 within CNW and COW was examined with the respective TSDs, as their 
GAMs were not reliable models. The TSDs results for NH4 within CNW showed that the seasonal IQR 
percentage was very low, indicating the absence of a seasonal pattern; and that the trend IQR percent-
age was in the same range as that of the remainder component, thus, a trend was either absent or not 
detectable. In the case of NH4 within COW, the seasonal and trend IQR percentages were smaller than 
that of the remainder component; thus, these data exhibited neither a seasonal nor a trend pattern. 
3.3. Interpolation plots
The spatial variability of the seasonal plots of the variables differed greatly among the three coastal water 
areas (Figure 5). Taking into account the distance to the coast, a gradient of variability from CIW, with the 
highest variability, to COW, characterized by more homogeneous seasonal patterns, was determined. 
Figure 4  ·  Fitted values for the seasonal and trend components of each variable and the coastal 
water area according to the GAMs: a) CIW, b) CNW, and c) COW. Each row shows the seasonal 
and trend plots of two variables. From top left to bottom right: temperature (TEMP), ammonium 
(NH4), freshwater content (FWC), phosphate (PO4), chlorophyll-a (CHLA), silicate (SIO4), nitrate 
(NO3), FAN index, nitrite (NO2), and FLU index. The x axis shows the time, given in months, for the 
seasonal (MONTH: January = 1; December = 12) and trend (TIME: June 1990 = 1; December 2014 
= 295) plots. On the y axis, the seasonal and trend components are given in model units. For each 
variable, the seasonal (left) and trend (right) plots are on the same scale to illustrate the relative 
variation between them. The confidence bands include the uncertainty in the overall mean.
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Within CIW, the variability from NE to SW (vertical) was usually larger than that observed during the 
year for a fixed coastal point (horizontal) (Figure 5a). The exception was TEMP, which had a clear verti-
cal pattern and a unique seasonal pattern for all coastal points along the coast, despite an increase in 
the maximal TEMP from the NE (25.5°C) to the SW (33.7°C). The rest of the variables exhibited seasonal 
patterns that included coastal points without seasonality, i.e., with the same value throughout the 
year, and coastal points with a distinct seasonality, with minimum and maximum values occurring 
at different times during the year. Moreover, the seasonality of the same variable but with opposite 
patterns in different coastal areas was also detected.
The more prominent vertical patterns of COW indicated a more homogeneous seasonality along the 
coast (Figure 5c). 
The seasonality patterns of the variables of CNW were between those of COW and CIW (Figure 5b). 
Seasonality was not as vertical as within COW and not as horizontal as within CIW. This finding in-
dicated a mixture of the general offshore seasonal pattern and specific coast-dependent seasonal 
characteristics.
Figure 5  ·  Spatial variability of the seasonality of the variables and FAN and FLU indexes along 
the Catalan coast for each coastal water area: a) CIW, b) CNW and c) COW. Time (x axis) is given in 
months. The Catalan coast as represented in the plot extends from the NE at the top to SW at the 
bottom of the y axis. The variables (z axis, color scale) are expressed in their corresponding units. 
Note that for the same variable plot, the colors from the different coastal areas do not necessarily 
represent the same values. Raw data are shown as black dots.
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4. DISCUSSION 
4.1. Seasonality
The seasonality of Catalan coastal waters was evidenced by that of almost all of the studied variables 
in all three coastal water areas (Figure 4, Appendix 2 and Appendix 3). 
Temperature followed the same seasonal pattern across CIW, CNW, and COW, with the lowest values 
between January and December and the highest values during August. This finding is consistent 
with a coastal Mediterranean climate consisting of four distinct seasons (Carreras, 1992).
The seasonal patterns of the variables in the outermost coastal waters (COW and CNW) followed 
that of Mediterranean open surface waters, except in the case of TEMP  (Karydis and Kitsiou, 2012; 
Marty and Chiaverini, 2010; Segura, 2007). In winter, vertical water mixing allows nutrients to reach 
superficial waters, such that the DINut concentrations and FAN and FLU indexes were higher than 
during other seasons. In CNW and COW, maximum FAN index values usually indicated natural levels 
of nutrients in the surface waters but they provided no information on the impact of urban influenc-
es from the continent. Despite the high nutrient availability in winter, light and TEMP levels do not 
suffice to enhance primary production, the amount of which was moderate. Optimal conditions for 
primary production occur during the end of winter and the beginning of spring, boosting Chl-a to its 
maximum concentrations (Figure 6). Therefore, the Chl-a maxima were temporally shifted compared 
to maximum nutrient values. During spring, the increase in light and TEMP enhances stratification of 
the waters and prevents deep nutrients from reaching superficial waters. At the same time, prima-
ry production depletes superficial nutrients such that DINut concentrations were at intermediate 
levels. Within COW, NO2, PO4 and NH4 were depleted during the springtime, consistent with the 
minimum values of these variables and the FAN index. In summer, the marked thermocline resulted 
in pronounced water stratification and all nutrients were depleted at the surface, such that their 
values were at a minimum. The FLU index values also reached a minimum in summer, likewise FAN 
index values within CNW. Although light levels are highest during summer, the Chl-a values recorded 
in the study were at a minimum, due to strong nutrient limitation. In autumn, storms disrupt the 
thermocline and thus favor vertical mixing, such that DINut and Chl-a levels increased and medium 
concentrations were measured at the surface.
In CIW, some variables show seasonal patterns different from those in outermost coastal waters, be-
cause CIW are highly influenced by the continent, due to its proximity. Thus, the seasonal patterns 
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of FWC, SiO4, Chl-a, and the FLU index were very diff erent in CIW than in outermost coastal waters 
whereas those of NO3 and NO2 diff ered only slightly. Thus, diff erences in FWC, SiO4, and, accordingly, 
FLU were detected, especially during springtime, when the fl uvial infl uence increased in CIW and 
decreased in CNW and COW. This diff erence was due to the spring peak in precipitation characteristic 
of the coastal Mediterranean climate [average of 667 mm in Barcelona; Servei Meteorològic de Cata-
lunya (2001)], which together with the ice and snow melts from the Pyrenees Mountains results in 
increased freshwater infl ows that sweep sediments and nutrients into CIW. In addition, the summer 
pattern of Chl-a diff ered between CIW and outermost coastal waters (Figure 6), as a dearth of Chl-a 
was detected in the latter. This diff erence can be attributed to the continuous arrival of freshwater 
infl ows and nutrients from the continent to CIW and to the nutrient recycling that occurs in CIW due 
to the shallow depth. As a result, primary production in CIW (0.97 µg/L in August) in summer is hardly 
ever nutrient-limited, unlike in outermost coastal waters, where water stratifi cation in summer results 
in lower production rates (0.10 µg/L and 0.04 µg/L within CNW and COW in August, respectively).
Figure 6  ·  Monthly median values of Chl-a concentrations (µg/L; y axis) during a 12-month 
period (x axis) in CIW, CNW, and COW.
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4.1.1. Spatial variability of seasonality across the Catalan coast
The seasonal patterns of the variables differed from the NE to the SW, reflecting differences in the 
continental influences on the Catalan coast. This spatial variability in the seasonality variables was 
evident in all three coastal water areas. Specifically, it was high in CIW, moderate in CNW, and low in 
COW, consistent with the reduction of continental influences with increasing distance to the shore 
(Figure 5). TEMP was the exception; it showed a unique seasonal pattern in all coastal waters, with 
the maximum values recorded in summer increasing with the change in latitude (∆=8.2°C) from the 
NW to the SW. 
Seasonality in COW across the Catalan coast followed that of surface Mediterranean open waters 
(Figure 5c). The deep bottom of the sea, and thus the large volume of water without physical barriers, 
allows the ready mixing of COW, such that their characteristics are similar from the NE to the SW. This 
explains the unique and uniform seasonal pattern of all variables for the entire COW. Among the 
continental influences, only the major ones, such as the urban continental influence of Barcelona 
city, were detectable. This was evident in the FAN index values of the central coast and even during 
summer, when the waters are stratified and nutrient concentrations at the surface are low. In the SW, 
the fluvial continental influence of the Ebre River was apparent throughout the year, through the FLU 
index. 
Seasonal patterns from the NE to the SW in CNW reflected both those of the surface Mediterranean 
open waters and continental influences, evident for Chl-a, NO2, NH4, PO4, and the FAN index (Figure 
5b). The continental influences of these waters are linked to the city of Barcelona and to the Ebre 
River, but those from other sources and of moderate magnitude also play a role.
Seasonality in CIW across the Catalan coast was shown to be mainly driven by the proximity of the 
continent and thus by two principal effects: (1) the direct continental influences received by these 
waters, as these influences are also subject to seasonality and (2) limitations arising from the restrict-
ed water exchange and the low dilution of continental inflows, due to the shallow sea bottom and to 
physical barriers, such as headlands and breakwaters; this results in the compartmentalization of CIW 
and an exacerbation of their heterogeneity. As a result, seasonality in CIW showed a strong spatial 
variability from NE to SW, with heterogeneous patterns across the Catalan coast. This spatial varia-
bility ranged from a lack of seasonality in some zones to clear seasonal patterns in others, including 
those reflecting oceanic or continental forcings or their combination (Figure 5a).
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Based on these different seasonal patterns within CIW, seven zones, extending from the NE to the SW 
Catalan coast, could be distinguished:
I. North of Cap de Creus. The coastline of this zone is characterized by small catchment areas 
of temporal streams, Mediterranean dry fields, small forests, and a few small urban areas. Thus, this 
zone’s waters are hardly affected by the continent and their seasonal pattern was similar to that of the 
ocean, except for the increases in FWC and NO3 during autumn and winter, which were most likely 
related to submarine groundwater discharges. A previous study showed that these discharges are 
significant in the Mediterranean (Garcia-Solsona et al., 2010) and their influence was more prominent 
in coastal zones without the influences of urban areas or rivers.
II. Cap de Creus. This maritime-terrestrial natural park has an abrupt and jagged coastline bordered 
by towering cliffs. Its deep rifts define very small catchment areas of temporal streams. Despite the 
presence of Mediterranean dry fields and small forests in this zone, there is hardly any vegetation. As 
urban areas are also scarce near the sea, the cape’s waters are not affected by the continent and their 
seasonality was similar to that of surface Mediterranean open waters.
III. Northern bays. This flat coast zone includes Roses Bay, into which the Muga and Fluvià Riv-
ers empty, and Ter Bay, into which the Ter River flows. All three rivers are permanent, with medium 
catchment areas. Land use consists mainly of irrigated agriculture and a few urban areas, but some 
wetlands and forests in this zone have been preserved. As an important tourist destination during 
summer, Roses city has 17,122 second houses, which account for > 70% of the total residencies, one 
of the highest such percentages along the Catalan coast (Marambio et al., 2011). The continental 
influences are diluted only slightly by the time they reach coastal waters, due to the confined nature 
of the bays. As a result, this zone is highly influenced by the adjacent continent and exhibited an im-
portant seasonality. Inputs of nutrient-containing fluvial freshwater flow into coastal waters all year 
long, but NO3 and SiO4 levels and, accordingly, the FLU index reached their highest values in winter. 
During spring and summer, in response to the transient increases in the human population, NO2, NH4 
and PO4 concentrations reached their maximum levels; accordingly, the FAN index values were also 
highest. Chl-a levels also peaked during this period, as summer in this zone is also characterized by 
recurrent microalgal blooms, such as those of Alexandrium taylori (Garcés et al., 1999).
IV. Costa Brava. Its coast, with cliffs and rifts and a few sand beaches, is defined by small catchment 
areas of temporal streams, forests, and scattered urban areas. Thus, its waters are not affected by the 
continent and their seasonality was that of surface Mediterranean open waters.
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V. Barcelona metropolitan area and its surroundings. The metropolitan area is flat, with two 
permanent rivers, the Besòs and Llobregat, with medium catchment areas flowing through it. The 
population density in this zone is the highest along the Catalan coast and land use is, accordingly, 
mainly urban, with several industrial patches. North (El Maresme region) and south (El Garraf region) 
of the metropolitan area are small catchment areas of temporal streams, where land use is most-
ly urban but with a few agricultural patches. This zone is therefore affected by fluvial inflows and 
anthropogenic influences from the continent are higher than anywhere else on the Catalan coast. 
However, the strong seasonal patterns of this zone could be linked only to the FAN index and its re-
lated variables, not to the FLU index. NO2, NH4, and PO4 levels, and thus the FAN index were relevant 
all year round, with maximums reached in autumn and winter. A further worsening of the strong 
urban continental influence is avoided by the enormous  treatment capacity of the Besòs and Llo-
bregat wastewater systems, which treat up to 65% of the total Catalan coastal wastewater (Agència 
Catalana de l’Aigua, 2011). The Llobregat wastewater system is especially important, as it can treat up 
to 420,000 m³/day, comparable to treating the wastewater of a population equivalent of 1,706,250 
(Aigües de Barcelona, 2015). The absence of continental fluvial influences could be explained by the 
pollution of the Besòs and Llobregat Rivers. The noxious effects of their waters on biological and mi-
crobiological indicators, according to the Water Framework Directive (European Commission, 2000) 
and to the Bathing Water Directive (European Communities Council, 1976), were previously reported 
(Agència Catalana de l’Aigua, 2011). 
VI. Costa Daurada. This coast is characterized by small catchment areas of temporal streams and 
by the Francolí River, a permanent river with a medium catchment area. Land use consists of forests 
and wetlands, an extensive area of irrigated agriculture, a few urban areas, with the city of Tarragona 
the largest among them, and several industrial patches. Thus, the coastal waters are moderately in-
fluenced by the continent, mainly in the form of anthropogenic inflows. The urban-linked variables, 
especially NO2, therefore showed a seasonality, decreasing in summer and autumn, whereas FWC 
and SiO4, fluvial linked variables, did not, despite the presence of the river. NO3, a fluvial linked varia-
ble also related to agriculture, did not show a seasonality, despite the water discharge from the river 
and the irrigated agriculture carried out in this zone.
VII. Delta. The Ebre River defines the geomorphology of this zone and most of the human activities 
that are carried out in it. Thus, the coast is a prograding delta with mainly agricultural land use but a 
few urban areas as well. As a result, fluvial influences from the continent along the Catalan coast play 
a very important role and there is a strong seasonality related to rice crop activities. In April, the lock 
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gates of the delta canals are opened and the rice fields are flooded. In September, rice is harvested, 
after which the lock gates are closed, in December (Forés, 1989). Therefore, from April to December 
freshwater from the river is mainly diverted to the rice fields. Consequently, there is an important 
freshwater inflow from the canals of the rice fields to coastal waters, in addition to the freshwater 
received via the river mouth. From December to April, however, river freshwater is discharged direct-
ly from the river mouth and coastal waters near the rice fields receive freshwater only from natural 
lagoons and rain run-off. Consequently, the water loads are much lower than those received from 
the canals when the lock gates are open. Variables linked to urban continental influence showed a 
seasonality clearly linked to this regimen, as they reached their maximum when the lock gates were 
closed, which avoided their dilution with freshwater from the canals, as occurred during the rest of 
the year. Continental fluvial influence, measured in this study by the FLU index, plays an important 
role throughout the year and, unlike FWC, does not show seasonality since water discharge from the 
river is continuous. However, the observed seasonality of SiO4 and NO3 could be attributed to the 
rice crops. SiO4 concentrations were maximal when the lock gates were open and minimal when 
they were closed, following the cycle of freshwater inflows from the canals. The opposite pattern was 
exhibited by NO3, which was scarce during summer and spring, when the lock gates were open, as 
already described by Camp (1994), who linked this scarcity to the considerable capacity of rice crops 
to consume nitrogen. In fact, the total NO3 and NO2 concentration measured in river waters was 140 
µM, whereas at the exit of the waters of the rice crop canals it was only 58 µM. This implies that rice 
fields consume between one half and one third of the dissolved inorganic nitrogen received from the 
river (Camp, 1994), in addition to nitrogen from fertilizers.
4.2. Trends
The significant trends in Catalan coastal waters between 1990 and 2014 included both increases and 
decreases within CIW but not within the outermost coastal waters, despite the detection of signifi-
cant trends in the latter (Figure 4, Appendix 2 and Appendix 3). These results reflected the different 
time scales at which changes occur in the different areas. In outermost coastal waters, changes in, for 
example, bathymetric features and climate occur at time scales larger than the study period (Chel-
ton, 2001; Santoleri et al., 2002). Therefore, trends in the outermost coastal waters were not detected 
by the times series, whereas changes in CIW could be strongly linked to those taking place on the 
continent, which occur at medium time scales, e.g., decades, and were thus detectable in this study.
160
Chapter 3
Previous studies showed an increase in the temperature of the Mediterranean Sea over time. The 
warming rate of the whole Mediterranean basin as determined for all of the 20th century was 
+0.05°C/decade, according to Xoplaki et al. (2003), and +0.037°C/year specifically between 1985 and 
2008, according to Skliris (2011). For the western sub-basin, the rate during the period 1985–2008 
was +0.026°C/year (Skliris, 2011). Accordingly, in Catalonia, the temporal series of the L’Estartit coast 
(located in the Northern Bays zone), recorded since 1974, showed an increase in the mean yearly 
surface temperature of these waters occurring at a rate of +0.029°C/year (Salat and Pascual, 2002; 
Servei Meteorològic de Catalunya, 2014). However, there was no significant TEMP trend for any of the 
three coastal water areas. This may have been due to the fact that in this study an extensive and het-
erogeneous area was investigated such that the temperature variability masked any global changes.
The trend in FWC in CIW decreased over time, except during the last years of the study period, linked 
to the precipitation trend in Catalonia. During the two driest years (2007 and 2012), CIW were least 
affected by freshwater inflows from the continent. Although 2007 was the driest year [204.91 mm; 
Institut d’Estadística de Catalunya (2015a)] of the study period, the lowest FWC occurred in 2012, not 
only within CIW (7.81) but also within CNW (2.60) and COW (0.00), indicating that drought also im-
pacts outermost coastal waters [485.15 mm; (Institut d’Estadística de Catalunya, 2015a)]. These results 
were in agreement with those of Rosenzweig and Tubiello (1997), in their study of the Mediterranean 
region. Those authors used a model that ran until the 2020s and suggested an overall decrease in 
precipitation of 1.5–7.3%. In a study of precipitation in Catalonia between 1950 and 2014, Meteocat, 
the meteorological service of Catalunya, reported a non-statistically significant reduction in precipi-
tation of −1.2%/decade (Servei Meteorològic de Catalunya, 2014). The ESCAT project, which assessed 
temperature and precipitation projections in the NW Mediterranean basin from 1971 to 2050, pre-
dicted a slight but significant decrease in yearly mean precipitation of −7.5% in 50 years (p < 0.05) 
(Gonçalves et al., 2014; Servei Meteorològic de Catalunya, 2011). 
Variables related to DINut in CIW showed different trends. Thus, NO2 clearly decreased with time; 
PO4 decreased sharply at the beginning, after which steady levels were maintained; NH4, with an 
undulating curve, showed an increasing trend; and NO3 and SiO4, also represented by undulating 
curves, showed decreasing trends, except during the last years of the study period. These results are 
in agreement with those of some, but not all previously published studies of DINut trends in the 
Mediterranean Sea.
The decreasing trends in NO3 and SiO4 could be indirectly linked to the precipitation trend, as fresh-
water in all its possible forms (e.g., fluvial, runoff, or groundwater) erodes the continent, washing 
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these and other nutrients into the sea (Beusen, 2014). This decreasing trend in NO3 is in agreement 
with the European Nitrates Directive (European Communities Council, 1991b), tasked with protect-
ing European waters against the pollution caused by NO3 from agricultural sources. However, it con-
tradicts the findings from the Ebre River, in which annual NO3 concentrations and loads from 1974 to 
2001 increased (Ludwig et al., 2009; Ludwig et al., 2003). The relationship between runoff and trends 
in salinity (FWC), NO3, and SiO4 was previously examined by Mozetic et al. (2012) in a study of the 
Adriatic Sea between 1989 to 2009, with similar results.
The decreasing trends in NO2 and PO4, related to urban influences from the continent, contradict the 
findings of Ludwig et al. (2009), who identified strongly enhanced fluxes of anthropogenic sources of 
nitrogen and phosphorus in rivers emptying into the Mediterranean Sea, with total inputs increasing 
by over 5-fold. However, Catalan administrations, especially since the 1990s, have been engaged in 
efforts to reduce water pollution and improve water quality. The Wastewater Treatment Plan of Cata-
lonia (Generalitat de Catalunya, 1996), approved in 1995 and adapted to the European Urban Waste 
Water Directive (European Communities Council, 1991a) and the Water Framework Directive (Euro-
pean Commission, 2000), includes the Urban Wastewater Treatment Program (Generalitat de Cata-
lunya, 2006) and the Industrial Wastewater Treatment Program (Generalitat de Catalunya, 2004). With 
the implementation of this plan, up to 97% of the wastewaters generated  by the Catalan population 
are currently being treated by 504 wastewater treatment plants (Agència Catalana de l’Aigua, 2016).
The PO4 concentration trend differed depending on the study location. Thus, in rivers, it increased in 
Greece, remained steady in France, and decreased in Italy; in coastal waters, it decreased in the Gulf of 
Fos, in front of the Rhone delta, but increased at one station along the Saronikos coast (European En-
viromental Agency, 2001). The abrupt change in the PO4 trend observed in this study is in agreement 
with that described for river phosphorus loads to the Mediterranean Sea, which increased between 
the 1980s and 1990s and then rapidly decreased, such that the values in the 2000s were the same as 
those recorded in the 1970s (Ludwig et al., 2009). In the Ebre River, annual PO4 concentrations and 
loads from 1974 to 1985 were stable until 1993, after which they decreased sharply until 2001, the 
end of the time series of that study (Ludwig et al., 2003). The decreasing trend in PO4 in the present 
study could be attributed to the growth in the number of wastewater treatment plants in Catalonia 
and to European regulations regarding detergents, both of which reduced phosphate discharges 
into surface waters, including those of the Adriatic Sea (Mozetic et al., 2010). Phosphorus from con-
sumer automatic dishwasher detergents accounted for ~10% of the phosphorus load in wastewater 
treatment in the European Union in 2013 (European Commission, 2015). Regulation no. 259/2012 
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(European Commission, 2012) banned inorganic phosphates in domestic laundry and dishwasher 
detergents. Thus, at the end of 2017  phosphorus from consumer dishwasher detergents should 
make up only ~1.6% of the phosphorus load in wastewater treatment in the European Union (Euro-
pean Commission, 2015). 
The NH4 concentration trends differed depending on the applied statistical procedure: GAM, TDS, 
and descriptive plots based on medians showed trends that increased with time, while descriptive 
plots based on means showed trends that decreased with time (excluding 2001) (Figure 4, Appendix 
2, Appendix 3). The use of the median (including GAM and TDS) rather than the mean may seem 
to lead to very different conclusions (Geraci et al., 2013) regarding NH4 but they provide different 
types of information. Thus, the trends obtained with median values indicated that the background 
NH4 concentration increased with time, as a result of the growing number of people who moved 
to coastal areas. This increasing trend in NH4 is in agreement with the above-described findings of 
Ludwig et al. (2009). However, the trend obtained with the means of NH4 concentration in this study 
indicated that episodes of exceptionally high concentrations of NH4, which greatly influence mean 
values, were increasingly less common. As noted above, this can be explained by the more numerous 
and efficient wastewater treatments plants that recently became operative and prevents massive 
loads of nutrients from reaching coastal waters during brief periods of time, as was previously often 
the case during rainy seasons.
The FAN and FLU indexes, which combine the information of FWC and DINut, revealed the evolution 
of the characteristics of CIW during the study period, from less to more affected by urban continental 
influences and from more to less affected by fluvial continental influences, respectively. 
Fluvial continental influences, measured with the FLU index, decreased in CIW between 1990 and 
2014, in accordance with the decreasing trends over time of the related variables (FWC, NO3, and 
SiO4). The decreasing trend in the FLU index could be attributed to the precipitation trend in Catalo-
nia because the yearly means of this index correlated with those of precipitation (in mm) from 2000 
to 2014 (0.52, p < 0.05), during which time the trends in the two variables were similar. 
By contrast, urban continental influences in CIW increased between 1990 and 2014, as shown by 
the trend in the FAN index. This result likely reflected the increased eutrophication that has been 
documented for 20 years in some areas of the Mediterranean Sea (United Nations Environment Pro-
gramme/Mediterranean Action Plan, 2009). However, the variables related to these influences did 
not always follow the increasing trend in the FAN index over time, most likely due to the impact of 
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the Wastewater Treatment Plan of Catalonia (Generalitat de Catalunya, 1996). The increasing trend of 
urban continental influences can be partially explained by the precipitation trend, which decreased 
over time, as noted above. The lower the amount of precipitation, the smaller the freshwater inflows 
into coastal waters and thus the higher the FAN index, because urban inputs are not diluted. In fact, 
at the end of the time series, the FAN index showed a decreasing trend, attributable to an increasing 
trend of the FLU index.
Finally, the undulating curve representing the Chl-a trend in CIW revealed the occurrence of changes 
on several occasions over time. However, the descriptive plot based on median Chl-a values (Appen-
dix 2) indicated a clear decreasing trend and thus decreasing background Chl-a concentrations over 
time. This trend could be linked to the decreasing trends in DINut (except medians of NH4), mani-
fested as a diminishing level of primary production. This result is in agreement with the findings of 
Mozetic et al. (2010), in their study of the Northern Adriatic Sea. Those authors determined a global 
tendency towards a Chl-a reduction during the period 1970–2007 that was also attributed to the 
decreasing trends in DINut. Nonetheless, the decreasing trends in DINut and Chl-a concentrations 
contradict the findings of several previously published studies reporting increased eutrophication in 
the Mediterranean Sea (Karydis and Chatzichristofas, 2003; Karydis and Kitsiou, 2012; United Nations 
Environment Programme/Mediterranean Action Plan, 2009).
4.3. Reflections and recommendations
The results of this investigation can be summarized in three key considerations that should be taken 
into account in future studies on the temporal variability of coastal environments. These three con-
siderations are presented below and include examples from the Catalan coast as well as discussions 
of their implications.
I. Cause-effect relationships should be analyzed through time series long enough to cover 
temporal variability (effect) before, during, and after environmental changes (cause). The 
temporal variability baseline must be on hand before an environmental change occurs. The compar-
ison of this baseline, thus of the background temporal variability, with the variability during and after 
the change allows the effects and magnitude of this change to be determined. This approach will 
also provide insights into the underlying processes. Our study presented the results of a time series of 
nearly 25 years, which while long, was not long enough to provide information on temporal variabil-
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ity in the absence of environmental changes that may affect it. Nonetheless, this time series provides 
a reference baseline for future studies, allowing the comparison of datasets and continued, detailed 
monitoring of the evolution of the studied variables within coastal waters. Furthermore, it exemplifies 
the great importance of time series, their existence, and their maintenance.
II. Temporal variability may be due to natural or anthropogenic factors, or as is most com-
monly the case, a combination of both. The distinction between natural and anthropogenic 
causes of temporal variability is often difficult. In the seasonality of nutrients within CIW, anthropo-
genic and natural patterns seemingly overlap; however, the natural pattern has yet to be described 
yet, as there are no pristine areas along the Catalan Coast that are free of human influence. While it 
may be similar to that described for surface Mediterranean open waters, for example, in coastal zones 
of small catchment areas and narrow continental platforms, its characteristics may be unique, espe-
cially in coastal zones with strong natural continental influences, for example, coastal areas fronting 
a large catchment area and receiving river flows but also with an important continental platform. 
Distinguishing between the natural and anthropogenic origins of specific nutrients may also be chal-
lenging. Nutrients are naturally present in CIW, reaching these waters from the continent through 
natural routes, but they can also be released into coastal waters by human activities. This is the case 
for NO3, the source of which is also related to agriculture, and for NO2, NH4 and PO4, whose inputs 
are also related to industrial and urban activities. The same difficulty occurs regarding FWC, which 
is clearly related to precipitation and thus to a natural origin, but which is profoundly modified by 
human activities, for example by changing river courses, river loads, and land uses, and thus soil 
permeability. The determination of natural vs. anthropogenic causes of temporal variability should 
be the aim of future studies, as it is the basis of many environmental laws aimed at maintaining and 
improving water quality and of adequate management.
III. Environmental changes and temporal variability have complex cause-effect relation-
ships along time. Temporal variability can be due to several overlapping causes involving differ-
ent processes that change it in different, even opposite, directions. Identifying all of the causes that 
modify temporal variability and then quantifying them is complicated. This was evidenced in the 
present study by the nutrient trends within CIW, in which three on-going processes were identi-
fied: 1) the unknown natural seasonal pattern of nutrients and their possible natural trends, which 
are also unknown; 2) the trend of increasing nutrients due to industrialization; and 3) the trends of 
decreasing nutrients due to the enforcement of environmental laws. The second and third process-
es are linked to human activities but they are of opposing influence. In Catalonia, industrialization 
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started at the end of the 18th century but it was not until the 19th century that it became wide-
spread (Moreno-Cullell, 2011). The first textile factories (vapors) were built between 1830 and 1860, 
mainly in Barcelona and the surrounding area. After 1870, additional textile factories (colonies) were 
erected along rivers, mainly along the Besòs, Llobregat, and Ter Rivers. At the same time, there was a 
large migration of people from rural areas to cities and from inland areas to coastal zones. This was 
accompanied by significant changes in agriculture, including privatization as well as expansion. As 
a result, massive nutrient loads of human origin flowed into coastal waters and the water quality of 
industrialized regions was severely compromised. In fact, the consequences of these anthropogen-
ic nutrient loads in coastal waters during this period of regional industrialization are still being felt 
today. However, the implementation of environmental measures has gradually reduced further an-
thropogenic nutrient loads reaching coastal waters. The first environmental measures were enforced 
during the 20th century. The European Environmental Action Programme of 1972 (United Nations 
Environment Programme, 2002) was especially important because it established the general princi-
ples of community environmental policy, with particular attention to water discharges. In Catalonia, 
the Catalan Environment Department was created in 1991 and the Catalan Water Agency in 1998. 
The latter is currently solely responsible for water protection and conservation and the reduction of 
water contamination in Catalonia. There are, of course, many other processes in coastal waters that 
are on-going and influence the studied trends in unknown ways. Indeed, the trends described herein 
are the sum of all processes, known and unknown. Future efforts should be directed towards a better 
understanding of coastal environments and should focus on elucidating the complex cause-effects 
relationships, in line with DPSIR (driving forces, pressures, states, impacts and responses) approaches.
Key recommendations for future studies are: (1) characterize temporal variability with longer time 
series that allow seasonal patterns and temporal trends to be linked to all of its causes: (2) distinguish 
between the natural and anthropogenic origins of temporal variability, precisely quantify them, and 
elucidate the processes that take place among these complex cause-effect relationships. The scien-
tific community is reaching similar conclusions regarding the importance of this line of research (Clo-
ern et al., 2016; McQuatters-Gollop et al., 2015; Milly et al., 2008). The combined results of this study 
and of future ones will contribute to a better comprehension of the ecological dynamics of coastal 
environments. They will also provide the knowledge needed for the better management of coastal 
environments, including accurate assessments of coastal water quality and coastal impacts, such 
as eutrophication. This knowledge can also be applied to develop adequate measures and plans to 
remediate damaged coastal environments, in compliance with laws aimed at their conservation and 
quality improvement. Finally, the knowledge generated by our study and by related investigations is 
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crucial to the successful achievement of an integrated approach to coastal zone management. Until 
then, preventive policies and good practices are strongly recommended.
5. CONCLUSIONS 
Our analysis of a 24-year time series, unique in the NW Mediterranean waters regarding its temporal 
and spatial coverage, yielded new insights into the temporal variability of physicochemical and bio-
logical variables within coastal waters, including, for the first time, CIW. Seasonal patterns and trends 
were described and the difference between the temporal variability of these waters compared to 
outermost coastal waters was highlighted. 
The seasonality of the outermost coastal waters followed the natural pattern described for superfi-
cial open Mediterranean waters. However, within CIW, while a similar pattern was followed by NO3 
and NO2 the seasonal patterns of the other variables were strongly influenced by the proximity of 
the continent. Within CIW, primary production (Chl-a) was not generally nutrient-limited in summer, 
unlike in outermost coastal waters. In addition, in spring, the SiO4 concentration, FWC, and, thus, flu-
vial continental influences (measured with FLU index) increased in CIW, due to the seasonal peak in 
precipitation, but decreased in outermost coastal waters. The high spatial variability in the seasonality 
of CIW led to the identification of seven distinct zones along the coast. 
While several trends were identified in CIW between 1990 and 2014, none were detected within 
outermost coastal waters. This was due to the different time scales at which changes occur in these 
different coastal waters, which allowed trend detection in CIW but not in the outermost coastal wa-
ters during the study period. Within CIW, urban continental influences, measured with the FAN index, 
increased despite extensive regulations aimed at diminishing anthropogenic impacts on coastal wa-
ters. A detailed study of the related variables revealed decreasing trends in NO2, and PO4. Nonethe-
less, a decreasing trend in means of NH4 and an increasing trend in medians of NH4 were identified, 
thus exceptionally high concentrations of NH4 became increasingly infrequent whereas background 
concentrations of NH4 increased with time. Within CIW, decreasing trends in fluvial continental influ-
ences (FWC, NO3, SiO4 and, thus, the FLU index) were detected, except during the last few years of the 
study period, because of the decrease in precipitation in Catalonia. Furthermore, a decreasing trend 
in Chl-a was also identified, linked to the decreasing trends of DINut.
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Finally, three general considerations regarding temporal variability were derived from this study: 1) 
the need to analyze cause-effect relationships using time series long enough to cover the temporal 
variability (effect) before, during, and after environmental changes (cause); 2) the role played by nat-
ural or anthropogenic factors, or a combination of both, in temporal variability; and 3) elucidation of 
the complexity underlying the cause-effect relationships of environmental changes and temporal 
variability.
The results and the conclusions drawn from this study will contribute to a better comprehension of 
the ecological dynamics of coastal environments. As such, they will be very valuable to the scientific 
community and to authorities responsible for the preservation of coastal environments, by promot-
ing an integrated approach to coastal zone management.
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APPENDIX
1. Descriptive statistics table
Statistical parameters of the variables calculated with the entire dataset (1990–2014) for the coastal 
water areas of the Catalan coast: CIW, CNW, and COW.
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CIW 10876 18,34 4,99 2,50 10,40 13,90 17,50 22,70 28,70 35,20
CNW 1559 18,47 4,69 7,02 10,88 14,47 17,70 22,90 27,20 30,59
COW 514 19,27 4,72 10,48 11,60 15,27 18,80 23,80 26,88 27,27
FWC
CIW 10840 49,80 109,89 0,00 0,00 10,42 15,63 33,85 614,58 989,58
CNW 1522 23,27 34,89 0,00 0,00 9,30 14,84 22,03 180,96 473,96
COW 487 16,74 18,58 0,00 0,00 9,09 14,32 18,59 87,21 187,73
Chl-a   
(µg/L)
CIW 11704 2,17 4,34 0,01 0,01 0,55 1,05 2,24 18,41 109,01
CNW 1449 0,82 2,18 0,01 0,01 0,20 0,47 0,88 4,72 45,91
COW 483 0,37 0,49 0,01 0,01 0,08 0,22 0,48 2,80 3,90
NO3 (µM)
CIW 12513 8,45 27,87 0,01 0,12 1,41 3,15 6,19 103,39 917,28
CNW 1486 2,34 5,90 0,00 0,01 0,22 0,59 1,77 31,15 94,57
COW 500 2,15 7,73 0,01 0,01 0,20 0,48 1,42 36,53 114,30
NO2 (µM)
CIW 12134 0,54 2,53 0,00 0,01 0,11 0,21 0,38 6,93 161,42
CNW 1487 0,22 0,59 0,00 0,01 0,05 0,12 0,25 1,62 13,86
COW 501 0,15 0,16 0,00 0,01 0,05 0,09 0,20 0,74 1,61
NH4 (µM)
CIW 12134 6,71 50,24 0,01 0,01 0,64 1,39 2,84 92,18 1943,20
CNW 1487 1,41 9,19 0,01 0,02 0,23 0,52 1,13 12,39 335,17
COW 501 0,67 0,77 0,01 0,02 0,19 0,42 0,87 4,08 6,35
PO4 (µM)
CIW 12572 0,93 6,20 0,01 0,01 0,19 0,32 0,61 9,90 568,62
CNW 1487 0,17 0,37 0,01 0,01 0,06 0,10 0,16 1,48 8,69
COW 501 0,14 0,14 0,01 0,01 0,06 0,11 0,18 0,70 1,33
SiO4 (µM)
CIW 10586 5,61 12,22 0,01 0,21 1,45 2,50 4,59 61,93 301,77
CNW 1485 2,10 3,87 0,02 0,05 0,57 1,00 1,96 17,49 52,37
COW 499 1,53 4,19 0,01 0,02 0,43 0,80 1,60 13,53 80,96
FAN index
CIW 10485 0,12 1,13 -1,75 -1,08 -0,46 -0,12 0,30 5,65 11,67
CNW 1442 -0,45 0,64 -1,43 -1,17 -0,81 -0,58 -0,27 2,07 8,19
COW 472 -0,53 0,34 -1,34 -1,06 -0,77 -0,60 -0,35 0,54 0,77
FLU index
CIW 10485 -0,04 0,94 -2,57 -1,79 -0,65 -0,20 0,36 2,94 4,58
CNW 1442 -0,47 0,72 -2,20 -1,77 -0,87 -0,64 -0,28 2,09 3,28
COW 472 -0,59 0,56 -1,88 -1,71 -0,88 -0,68 -0,44 2,02 3,28
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2. Descriptive plots of seasonality and trends                                             
    of coastal inshore waters 
Descriptive plots of seasonality and the trends in CIW. Monthly and yearly mean and median values 
of the variables (y axis) were calculated using the entire dataset (1990–2014) and, then, a Lowess 
fi tting adjusted. Time (x axis) is given in months for the seasonality plots and in years for the trend 
plots. Each row shows the four plots of one variable, from left to right: mean-seasonal, mean-trend, 
median-seasonal, and median-trend.
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3. Time series decompositions plots
Time series decomposition plots of the variables for the three coastal water areas. The top of each 
plot shows the original time series; the seasonal and trend components are shown below, and the 
remainder component at the bottom. Time (x axis) is given in months. The time series and temporal 
components (y axis) are expressed in model units.  For comparison purposes, the gray bars on the 
right of each plot are of the same scale. Each row shows the plots of one variable for the three coast-
al water areas: CIW (left), CNW (center), and COW (right). Variables: temperature (TEMP), freshwater 
content (FWC), chlorophyll-a (CHLA), nitrate (NO3), nitrite (NO2), ammonium (NH4), phosphate (PO4), 
silicate (SIO4), and the FAN and FLU indexes.
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Els sediments aportats per rius i l’aigua de pluja es dipositen en gran part a la 
zona costera i es tornen a suspendre per efecte dels temporals o el vent.
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ABSTRACT
The Catalan coast is representative of the NW Mediterranean coast in terms of its geography, demog-
raphy, and socioeconomic development. The National Catalan Coastal Water Monitoring Program 
has been conducted since 1990 and allowed the characterization of the Catalan coast at national 
scale using physicochemical and biological variables. However, there were few detailed studies of 
the unique features of Catalan coastal waters at finer scales. The aims of this study were to: 1) further 
characterize the physicochemical variability of Catalan coastal waters, both spatially and temporally, 
emphasizing local scales and 2) to assess the physicochemical state of Catalan coastal waters at a local 
scale, and thus the risks of their eutrophication and cultural eutrophication. To achieve these objec-
tives, the updated dataset of the National Catalan Coastal Water Monitoring Program (1994-2014) was 
evaluated using the FAN (Phosphate-Ammonium-Nitrite) and FLU (FLUviality) indexes, which allow: 
1) anthropogenic sources to be distinguished from the natural causes of continental pressures influ-
encing coastal waters and 2) assessments of the physicochemical state of these waters. The results 
showed that local-scale characterizations generally followed the national characterization of the Cata-
lan coast, both spatially and temporally. However, the two indexes revealed different characteristics in 
some cases, even contradicting national ones. Moreover, the amount of river water discharge in some 
coastal water zones was lower than normal, due to the intense regulation of rivers heavily exploited 
to meet human water needs. A risk of eutrophication was identified for 53% of Catalan coastal waters, 
and a risk of cultural eutrophication for 19%. For the Catalan coast, the latter was lower than expect-
ed, reflecting the efforts of Catalan administrations to reduce water pollution and to improve water 
quality. Our findings provide comprehensive physicochemical information on coastal environments 
at a local scale. This information is one of the keys to successful management efforts since it fulfills the 
requirements of current European environmental laws and can be considered in local management 
plans. In addition, when combined with an assessment of eutrophication based on chlorophyll-a, our 
results can be applied to identify sites of cultural eutrophication and as a tool to gauge the efficacy of 
already implemented corrective actions. Consequently, the physicochemical information provided by 
this study will contribute to an integrated approach to Catalan coastal zone management.
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1. INTRODUCTION
The Catalan coast is representative of the NW Mediterranean coast in terms of its geography, demo-
graphics, and socioeconomic development. The National Catalan Coastal Water Monitoring Program 
was implemented in 1990 and is unique in its spatial and temporal coverage. Thus far, the database 
contains information from a period of nearly 24 years (June 1990-December 2014) and allowed the 
characterization of the Catalan coastal waters spatially (Chapter 1) and temporally (Chapter 3) using 
physicochemical and biological variables. These characterizations, performed at national scale, have 
contributed to a better comprehension of the ecological dynamics of coastal environments. Summaris-
ing, three areas of coastal waters have been distinguished. The coastal inshore waters (CIW) are located 
between 0 and 200 m from the shoreline and differ significantly from the two outermost coastal water 
areas, coastal nearshore (CNW) and coastal offshore (COW) waters. The difference reflects the strong 
influence of the neighboring continent on CIW, which progressively diminishes with increasing distance 
to the coast. Spatially, the concentrations of dissolved inorganic nutrients and chlorophyll-a (Chl-a) are 
higher and their ranges more variable in CIW than in outermost coastal waters (in some cases up to 
one order of magnitude). Temporally, the patterns of several nutrient levels in outermost coastal waters 
follow the natural seasonal pattern described for superficial open Mediterranean waters. In CIW, nitrate 
(NO3) and nitrite (NO2) concentrations also follow this pattern, whereas in springtime both the silicate 
(SiO4) concentration and the freshwater content (FWC; inverse of salinity) increase but they decrease 
in outermost coastal waters. Moreover, primary production (i.e. Chl-a) in CIW is not generally nutrient 
limited during summer, unlike in outermost coastal waters. The higher seasonal variability in CIW than in 
the outermost coastal waters is manifested in several patterns identified along the Catalan coast, from 
the NE to the SW. Finally, several trends were identified within CIW between 1990 and 2014 but none 
within outermost coastal waters. These included decreasing trends in FWC and in NO3, NO2, SiO4 and 
phosphate (PO4) concentrations. In addition, exceptionally high concentrations (mean values) of ammo-
nium (NH4) decreased whereas the background NH4 concentration (median values) increased over time.
The FAN (Phosphate-Ammonium-Nitrite) and FLU (FLUviality) indexes (Chapter 2) can be used to 
evaluate Catalan coastal waters and allow: 1) continental pressures of anthropogenic origin to be 
distinguished from those of natural origin, 2) the quantification of these pressures, 3) an assessment 
of physicochemical state of these waters, and 4) a determination of the risk of eutrophication and 
cultural eutrophication of the coastal waters. The FAN index is mainly determined by NH4, PO4, and 
NO2 concentrations and describes a gradient related to urban continental influences, i.e., those of 
anthropogenic origin. Therefore, this index is related to the anthropogenic component of the trophic 
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state and water quality. The FLU index is mainly related to FWC and to SiO4 and NO3 concentrations 
and describes a gradient of fluvial continental influences, referred to as fluviality. These influences are 
considered of natural origin, even though the NO3 concentration is partly linked to agricultural inputs. 
The two indexes were applied in the previously noted temporal characterization of the Catalan coast 
(Chapter 3) and, among other results, an increasing trend of urban continental influences and a de-
creasing trend of fluvial continental influences in CIW were determined.
Most of the previous characterizations of the physicochemical state of Catalan coastal waters were 
performed at the national scale. Nonetheless, while spatial and temporal characterizations concerning 
the entire Catalan coast are available, there are few detailed studies of the unique features of CIW at 
finer scales. Thus, the aims of this study were to: 1) further characterize the physicochemical variability 
of Catalan coastal waters both spatially and temporally and with special emphasis on local scales, and 
2) to assess the physicochemical state of Catalan coastal waters at the local scale and thus their risks 
of eutrophication and cultural eutrophication. To achieve these objectives, the updated dataset of the 
National Catalan Coastal Water Monitoring Program (1994-2014) was used, applying the FAN and FLU 
indexes to obtain an integrated picture. Studies at several spatial scales were considered, and water 
bodies (WBs), the coastal water zones previously established for the implementation of the Water 
Framework Directive [WFD; European Commission (2000)], and program’s sampling stations were ex-
amined in greater detail. The spatial (Section 3.1) and temporal (Section 3.2) characterization of the 
Catalan coast and the assessment of the physicochemical state of its coastal waters (Section 3.3) are 
presented and discussed herein. The results of this study contribute to accumulating comprehensive 
knowledge of coastal systems, especially CIW, and thus to better coastal water management and 
the achievement of the goals of current European environmental laws [e.g., the WFD and the Marine 
Strategy Framework Directive (European Commission, 2008)].
2. MATERIAL AND METHODS
2.1. Study area
The Catalan coast (Figure 1) is located between 3° 19’ 59,94” E and 42° 29’ 0,09” N and between 0° 9’ 41, 
69” E and 40° 31’ 27,56” N. The Catalan coastal zone occupies 7,257.50 km2 (Agència Catalana de l’Ai-
gua, 2005) and delimits the Mediterranean Sea over 870 km (Institut d’Estadística de Catalunya, 2010). 
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Its continental topography ranges from rocky and steep to sandy and flat, with a few deltaic areas, 
the most important of which is the Ebre delta (Serra and Canals, 1992). Catalan watersheds consist of 
ephemeral streams, nine medium to small rivers, and the Ebre River in the south, all of which open di-
rectly into the Mediterranean Sea. The Ebre River drains a watershed of 84,230 km², with a mean water 
discharge at the river’s mouth of 416 m³/s (Ludwig et al., 2009). Other major rivers in the nation drain 
a total area of 13,400 km² and have mean water discharges between 0.3 and 16.3 m³/s (Liquete et al., 
2009). Coastal land use varies in its percent coverage depending on the area: agricultural land covers 
Figure 1  ·  Map of the Catalan Coast. The main characteristics of the land, coastline (black line), 
urban areas (brown) and rivers (blue) are shown. Regarding coastal waters, bathymetry (meters 
depth; grey), WBs (black framed polygons) and sampling stations are indicated. Sampling stations 
colour depends on the area of coastal waters where they belong: green dots for CIW, purple dots 
for CNW, and orange dots for COW.
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0.4–49.2%, forests 17.2–77.2%, and urban areas 5.5–81.7% (Institut d’Estadística de Catalunya, 2015). 
Agricultural land use predominates in the SW, and urban areas along the central coast, even though 
urban land use is present along the entire coast and describes 13.8% of the total coastal zone (Biblio-
teca del consorci el Far, 2010; Institut d’Estadística de Catalunya, 2015c). Of the 7,522,596 inhabitants in 
Catalonia, 4,942,044 (66%) live in the coastal zone (Institut d’Estadística de Catalunya, 2016). However, 
the population density along the coast is highly variable, ranging from 33 inhabitants/km² in the Ebro 
basin (Ferré, 2007) to 15,319.6 habitants/km² in the metropolitan Barcelona area (Institut d’Estadística 
de Catalunya, 2016). Wastewater is currently treated at 504 water treatment plants in Catalonia, which 
process the wastewater generated by 97% of Catalonia’s population (Agència Catalana de l’Aigua, 
2016). These plants have a treatment capacity of 2,906,672,000 m³/day and serve a population equiv-
alent of 16,126,893 (Institut d’Estadística de Catalunya, 2015). Coastal waters receive 50% of the total 
amount of Catalan waste waters, corresponding to a population equivalent of 9,000,000 (Agència 
Catalana de l’Aigua, 2011). Along the Catalan coast, there are 48 wastewater systems (16, 13, and 18 
in Girona, Barcelona, and Tarragona provinces, respectively), which include 51 wastewater treatment 
plants, 31 submarine outfalls, ~300 pumping stations, and ~700 km of upstream collectors (Agència 
Catalana de l’Aigua, 2011). The wastewater systems of Barcelona treat 80% of the coastal wastewater, 
and those of Girona and Tarragona 10% each (Agència Catalana de l’Aigua, 2011).
The underwater topography of the Catalan coastal zone is complex: the continental shelf is usually nar-
row [average = 15–20 km; Maldonado (1995)] but it widens along its border with the Ebre delta (max-
imum = 54.5 km) and is almost non-existent (minimum = 1.6 km) in front of several canyons located 
along the coast (Platónov, 2002). The general surface circulation is due to the Liguro-Provençal current, 
which moves from the NE towards the SW, and local superficial currents, which are close to the shore 
and move towards the NE or also to the SW (Agència Catalana de l’Aigua, 2005). The tidal range is small 
and the sea weather, according to the Douglas scale (Harbord, 1897), is typically described as slight 
and occasionally as rough or very rough, especially during autumn (Agència Catalana de l’Aigua, 2005).
2.2. Sampling strategy and laboratory methods
The National Catalan Coastal Water Monitoring Program sampled 3 coastal waters areas, 38 WBs (Ap-
pendix 1) and 268 stations along the coast (Appendix 2). 
The coastal water areas were: CIW (0–200 m from the shore), coastal nearshore waters (CNW; 200-1,500 m 
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from the shore) and coastal offshore waters (COW; > 1,500 m from the shore). CNW and COW define outer-
most coastal waters, in contraposition to CIW. 
The WFD was adopted in 2000. Afterwards and to implement it, Catalan coastal waters were divided 
into WBs: 36 coastal WBs, which are indicated by a C at the beginning of their code, and 2 transitional 
WBs, which are indicated by a T in their code and that correspond to the two bays located north and 
south of the Ebre river. WBs include only beaches and rocky zones stations from CIW and surface sta-
tions from CNW. There are two coastal WBs that correspond to Barcelona and Tarragona harbours (C36 
and C37), thus they are highly modified WBs and have been discarded in several statistical analyses.
The sampling stations of the Catalan coast are representative of the 3 coastal water areas. Within CIW, 
142 stations were sampled between 0 and 200 m depending on the depth (< 2 m depth). In addition, 
CIW stations were representative of three degrees of confinement of their waters: 18 stations were 
harbours, where the degree of confinement is maximal, 92 stations were beaches, and 32 stations 
were rocky zones, where the confinement is minimal. Within CNW, 90 stations were sampled from 500 
to 1,500 m of the shore, mostly at 1,000 m from the shore. Within COW, 36 stations were sampled at 
5,000 m from the shore. Harbour stations are indicated by a P at the beginning of their code, beaches 
by a PL, rocky zones by a R, CNW stations by a M, and COW stations by a L. During the study period, 
from 1990 to 2014, not all stations were sampled due to changes in the sampling strategy to optimize 
the survey or due to economic constraints. When possible, CIW stations were sampled quarterly or 
monthly, depending on their variability, and were sampled from the shore. CNW and COW stations 
were sampled quarterly (every three months) by boat at surface and at different depths. Surface wa-
ters were sampled at 1 m depth and depth waters were sampled from 2 to 85 m depth within CNW 
and to 321 m within COW. Mean depth of CNW sampled at depth was 26 m and for COW was 49 m. 
At each of the 268 stations, salinity was directly measured using the Practical Salinity Scale and a WTW 
probe (model 315). Seawater were sampled to determine dissolved inorganic nutrients with 50 mL 
subsamples and Chl-a concentrations with 60 mL (CIW) and 180 mL (CNW and COW) subsamples, be-
ing the Chl-a subsample filtered through 25-mm Whatman GF/F glass-fibre filter. Dissolved inorganic 
nutrients subsamples and Chl-a filters were stored in fridges upon their arrival in the laboratory, where 
they were frozen. NO3, NO2, NH4, PO4 and SiO4 concentrations (µM) were determined with an autoana-
lyser (Evolution II, from Alliance Instruments or AA3 HR Bran+Luebbe, from Seal Analytical) following 
colorimetric techniques (Grasshoff et al., 1983). Chl-a filters were extracted in 8 mL of 90% acetone for 
48 h, and concentrations (µg/L) were determined with a Turner Designs fluorometer following the 
method of Yentsch and Menzel (1963).
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2.3. Data processing and statistics
The dataset covered nearly 24 years and comprised 20,102 entries sampled from June 1990 to De-
cember 2014. CIW data covered the entire period with 16,942 entries; 4,052 entries were related to 
harbours, 10,643 to beaches and 2,247 to rocky zones. CNW and COW data covered from August 1996 
to December 2014 and had 2,166 and 994 entries, respectively. Besides, surface data comprised 19,102 
entries and depth data 1,000. Data entries related to the WFD were 14,536 and included beaches and 
rocky zones from CIW and surface data from CNW. Data between 1990 and 1994 showed a high per-
centage of missing data and FAN and FLU indexes could not be calculated, consequently, only data 
from 1994 to 2014 was used (N=18,102).
Several data subsets were selected to perform statistical analyses, in addition to the entire dataset: 
surface, CIW, CNW surface, COW surface, and WFD related data subset.
Several categorizations were applied to data in some of the statistical analyses: coastal waters areas 
(CIW, CNW, and COW), Surface-depth, confinement gradient (harbour, beach, rocky zone, CNW, and 
COW), WBs, sampling stations, years, seasons (winter, spring, summer, and fall) and months (1-12).
Prior to the statistical analyses, salinity data were transformed into freshwater content (FWC) following 
Eq. (1):
 FWC = [1000-{(1000*salinity)/38.4}]                    (1)
Besides, variables were checked for normality using histograms and Shapiro-Wilk tests (Royston, 1982). 
They were non-normally distributed, as is typical for environmental data (Cassie, 1962; Legendre and 
Legendre, 1979), and showed frequency distributions skewed to the right. Therefore, all variables were 
transformed to avoid erroneous conclusions following Eq. 2.
 v’ = log10(v+1)                      (2)
FAN and FLU indexes (Eqs. 3 and 4) were calculated for each entry of the dataset and included as new 
variables.
 FAN index = -0.19* NO3+2.86* NO2+1.42* NH4+2.91* PO4-0.27* SiO4-0.35*FWC-0.60                 (3)
 FLU index = 0.86* NO3-0.37* NO2-0.52* NH4-0.89* PO4+1.15* SiO4+0.87*FWC-2.00               (4)
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These indexes were used to assess the physicochemical state of coastal waters following the method 
shown in chapter 2. This method results inform about the Water Quality, Trophic state, Fluviality, Con-
tinental Influences, risk of eutrophication and risk of cultural eutrophication.
Statistical analyses include descriptive and inferential methods. Among the descriptive methods used, 
data of figure 3 was adjusted by Distance Weighted Least Squares fittings, and data of figures 7 and 11 
by linear regressions. Regarding inferential statistics, an alpha value of 0.01 was selected to establish 
whether analyses were significant. Kruskal-Wallis Analyses of variance by Ranks (ANOVA) and Pairwise 
post-hoc comparisons were used to identify significant statistical differences among categorizations 
applied to the dataset. Analyses of Covariance (ANCOVAs) were used to identify whether trends of 
some variables were equivalent. Multi-Dimensional Scaling (MDS), Hierarchical Cluster analyses (by 
means of Group average procedure) and Simprof tests were used conjointly to establish groups of 
WBs and years with similar characteristics. For these last analyses, means of FAN and FLU indexes 
by WB and year were calculated with CIW data (beaches and rocky zones) for the period 1994-2014 
except 1996, missing data was replaced by zero, and Euclidean distance was used to calculate the 
dissimilarity matrix.
All statistical analyses were carried out using STATSITCA 10 software (StatSoft, 2003), PRIMER software 
(Clarke and Gorley, 2006), and R software (R Development Core Team, 2008). Maps of the Catalan coast 
were created using Miramon software (Pons, 1994).
3. RESULTS & DISCUSSION
3.1. Spatial variability
Spatial characterisation of physicochemical variability of the Catalan coast has already been performed 
for the three coastal water areas (chapter 1). Here we present further studies of the spatial scale, first at 
regional and second at WB level. Particularly, studies on the coast-open sea and surface-depth gradi-
ents and on the confinement gradient. Afterwards, a study on the similarities and differences of WB in 
CIW, due to the high spatial variability of this coastal water area.
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Coast-open sea and surface-depth gradients
There are two main sources of nutrients that flow into coastal waters: the continent and the deep-
sea waters. They create two nutrient gradients: coast-open sea and surface-depth, which have been 
previously examined. The coast-open sea gradient, studied in Chapter 1, describes a diminution of 
dissolved inorganic nutrient concentrations from coastal waters near the continent, from which the 
nutrients derive and are delivered in high concentrations, towards the open sea, where nutrient con-
centrations are low. The surface-depth gradient of the open waters of the Mediterranean Sea, studied 
by Segura-Noguera et al. (2016), describes a profile in which nutrient concentrations are low in super-
ficial waters, related to nutrient depletion in the photic zone, especially during summer. Besides, with 
increasing depth, nutrient concentrations increase until they reach a concentration that is maintained 
until the sea bottom. 
The coast-open sea and surface-depth nutrient gradients can be represented by a spatial pattern of 
the nutrient concentrations in a two-dimensional section of coastal waters. To explore this pattern in 
the Catalan coast, we compared the three coastal water areas at their surfaces and at depth (Table 
1, Figure 2). As a summary of the results, determination of the FAN and FLU indexes yielded the fol-
lowing sorting, from higher to lower index values, for the five possible categories: CIW, CNW-surface, 
COW-surface, COW-depth, and CNW-depth. Thus, the highest index values among the five catego-
ries was that of CIW; the index values of CNW were higher than those of COW, and those of surface 
waters were higher than those of deeper waters, especially for the FLU index value of CNW. ANOVAs 
revealed significant differences among the five categories and considering the FAN and FLU indexes 
independently. In the pairwise comparisons, CIW differed from the four outermost coastal water cat-
egories, which did not differ except for CNW, where the FLU index values for the surface and deeper 
MeAN FWC NO3 (µM) NO2 (µM) NH4 (µM) PO4 (µM) SiO4 (µM) FAN index FLu index
CIW 50.17 12.11 0.48 6.11 0.83 6.78 0.10 0.11
CNW-Surface 22.95 2.29 0.22 1.38 0.16 2.04 -0.46 -0.49
COW-Surface 16.74 2.15 0.15 0.67 0.14 1.53 -0.53 -0.60
COW-Depth 12.06 1.70 0.15 0.60 0.14 1.66 -0.54 -0.63
CNW-Depth 17.90 1.03 0.13 0.76 0.12 1.15 -0.55 -0.66
TABLe 1  ·  Mean values of variables for the 5 categories aroused by combining CIW, CNW, and 
COW with surface and depth coastal waters, calculated with the dataset from 1994 to 2014.
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waters differed significantly. These results confirmed the existence of a spatial pattern of nutrient con-
centrations across the coast-open sea and surface-depth gradients of the Catalan coast. CIW were 
strongly affected by continental influences, thus by dissolved inorganic nutrients and FWC, which 
resulted in the highest values of the FAN and FLU indexes. With increasing distance to the coast, the 
continental influences were diluted, such that the values of the FAN and FLU indexes of CNW and 
COW were lower. The same mechanism occurred for deeper waters, where continental influences 
arrived diluted and the FAN and FLU index values were lower than those of CIW. In a comparison of 
the surface and deeper waters of the outermost coastal waters, the values of the indexes were higher 
for the former, where continental influences were more noticeable; this was especially the case for the 
FLU index of the surface waters of the CNW.
Figure 2  ·  Box-plots of FAN and FLU indexes (mean and standard deviation) in CIW, CNW, and 
COW, at surface and at depth, calculated with the dataset from 1994 to 2014.
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Figure 3  ·  Box-plots of FAN (left) and FLU (right) indexes (mean and standard deviation; SD) of 
CNW and COW along the surface-depth profile, calculated with the dataset from 1996 to 2014. 
Data fit is shown by a black line.
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A detailed characterization of the indexes along the surface-depth profile of CNW and COW (Figure 
3) revealed uniform profiles from surface to deeper waters, except for the FLU index in CNW, in which 
the values for surface waters were high, diminished gradually until 20 m, and then stabilized until the 
deeper waters. These profiles for coastal waters were not in agreement with the profile previously 
described for open waters of the Mediterranean Sea (Segura-Noguera et al., 2016). In coastal waters 
due to their shallow sea bottom, the values of the indexes along the water column were similar and 
did not decrease for surface waters because there was no depletion of nutrients, as occurs in the open 
sea. Moreover, fluvial continental influences were more evident in surface CNW than in surface COW, 
due to their location.
In summary, our data confirmed the spatial pattern of nutrient concentrations in the two-dimensional 
section, according to coast-open sea and surface-depth nutrient gradients, of Catalan coastal waters. 
The surface-depth profiles obtained in this study differed from those described for open waters of the 
Mediterranean Sea, due to the strong influence of the continent on coastal waters.
Confinement gradient
The degree of confinement of coastal waters depends on their volume and on the shape of the coastline 
(Vila et al., 2001). Convex coastlines define a portion of land surrounded by water; thus a larger volume 
of water and less confinement. Concave coastlines define coastal waters surrounded by land; thus a 
smaller volume of water and greater confinement. The degree of water confinement determines the 
degree of dilution of continental influences once they reach coastal waters. At the Catalan coast, the 
sampling stations were ordered based on their confinement, from more to less confined: harbors (con-
cave coastline), beaches (linear coastline), and rocky zones (convex coastline), as CIW stations, followed 
by CNW stations and COW stations.
To confirm this confinement gradient at the Catalan coast, the mean values of the FAN and FLU indexes 
at the various stations were compared based on the degree of confinement of the respective waters 
(Figure 4). The scatterplot of the mean values showed that the gradient could be divided into two zones. 
ANOVAs revealed significant differences among stations, with the results of pairwise post-hoc compari-
sons consistent with a confinement gradient made up of two zones.
The first zone consisted of COW, CNW, and rocky zone stations and represented waters with a low de-
gree of confinement. It included stations with high water volumes, and thus a high dilution capacity, 
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and coincided with the previously described coastal-open sea gradient. The FAN index indicated an 
increasing gradient of urban continental influences as the degree of confinement increased. The FLU 
index values of these stations were similar and low, indicating minimal fluvial continental influences. 
The second zone consisted of stations with a low volume of water, i.e., those at rocky zones, beaches, 
and harbors, and thus a high degree of confinement. All of the stations within this zone were located in 
CIW, where the shape of the coastline dictates the dilution capacity of the respective waters. The FAN in-
dex values of these stations were similar and high, indicative of generalized urban continental influences 
across the Catalan coast. The FLU index values showed an increasing gradient of fluvial continental in-
fluences as the degree of confinement gradient increased. The link between the confinement gradient 
and the fluvial continental influence was the size of the catchment area on the continent. Less confined 
coastal waters were those with convex coastlines, small catchment areas, and low fluvial continental 
influences, such as occurs in rocky zones. Concave coastlines were related to large catchment areas and 
high fluvial continental influences, such as occurs at beaches. The stations with a maximum degree of 
confinement were located within harbors and their FLU index values were the highest determined. This 
was due to the structure of these harbors, which confines waters and usually overlaps the phreatic layer, 
and to their location, as most were located at the end of rain drainage systems and even at the mouth of 
rivers. As a result, harbors receive large freshwater inflows and show low dilution capacity that account 
for the highest fluvial continental influences.
Figure 4  ·  Scatterplot of mean values of FAN (x axis) and FLU (y axis) indexes of harbour, beach, 
and rocky zone from CIW and of CNW and COW calculated with the dataset from 1994 to 2014.
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In summary, our analysis confirmed the existence of a confinement gradient at the Catalan coast that 
could be described by two zones: one linked to waters with a low degree of confinement, where 
urban continental influences increased with decreasing distance to the coast; and the other linked to 
waters with a high degree of confinement and located within CIW, where fluvial continental influenc-
es increased with an increasing degree of confinement.
Spatial variability at water-body scale
In agreement with previous results, variability was higher at CIW than at the outermost coastal waters 
in the Catalan coast. To better understand this variability, we examined the similarities and differences 
of their WBs. Grouping the WBs by their characteristics facilitates the creation of specific management 
plans for areas with similar environmental requirements.
The results of the MDSs based on the FAN and FLU indexes showed 2D stresses of 0.07 and 0.05, respec-
tively (Figure 5). The cluster and Simprof analyses distinguished several groups of WBs, based on the dis-
similarities among them. However, to reduce the number of groups the clusters were sliced at distances 
(i.e. dissimilarity thresholds) different than the significant ones.
Figure 5  ·  MDS showing WBs grouped by their means of FAN (left) and FLU (right) indexes, 
calculated with data from CIW between 1994 and 2014. WBs code is shown, being coastal WBs 
indicated by a C and transitional WBs by a T. Only sampling stations related to the WFD were used 
(beaches and rocky zones). Cluster distances and groups are shown. WBs C36 and C37 are not 
shown in the FAN index figure.
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For the FAN index, six groups were generated slicing the cluster at a distance of 3.5. Four groups 
included only one WB, which demonstrated high urban continental influences. The first and second 
groups included Tarragona (C37) and Barcelona (C36) harbors, respectively, which are the largest 
along the Catalan coast and had the worst water quality (not shown in Figure 5 left). The third and 
fourth groups corresponded to WBs that receive large urban continental influences and thus had a 
low water quality: Sant Adrià de Besòs-Barceloneta (C19) and Badia Alfacs (T03). WB C19 (red square 
in Figure 5 left) is located in the Barcelona Metropolitan Area and is the site of four sampling stations. 
These stations are subject to the urban continental influence of the Besòs River and also of the Besòs 
wastewater treatment plant, located near the mouth of the river. These influences accounted for the 
low water quality of this WB all along its length and over time. WB T03 (orange diamond in Figure 5 
left) is the south bay of the Ebre delta and also hosts four sampling stations. However, in this case, the 
low water quality could be explained by a sampling station located in front of the Sant Carles de la 
Ràpita wastewater treatment plant (PL67), which occasionally discharges inflows with high concen-
trations of nutrients related to urban continental influences. Therefore, the generally low water quality 
at this WB was due to certain samplings related to this station; during other times and in the rest of 
this zone the water quality of this WB was better and sometimes even high. The other two groups in-
cluded several WBs that receive moderate to low urban continental influences. The fifth group (green 
inverted triangles in Figure 5 left), related to moderate urban continental influences, included WB 
Roses-Castelló d’Empúries (C07), located at Roses Bay, which is subject to the influence of the La Muga 
River and that of the Empuriabrava residential area, both of which are characterized by considerable 
urban continental influences. This fifth group also included the WBs Barceloneta-Zona II Port de Barce-
lona (C20) and El Prat de Llobregat-Castelldefels (C22), both located within the Barcelona metropolitan 
area and thus highly influenced by urban continental influences. Finally, the sixth group (blue triangles 
in Figure 5 left) comprised the remaining WBs, all of which have minimal urban continental influences.
For the FLU index, four groups were generated slicing the cluster at a distance of 3. The first group 
(red diamond in Figure 5 right) included only the WB Delta Nord (C33), located north of the Ebre delta, 
where fluvial continental influences are highest because of the large discharges from the Ebre River. 
The second group (green squares in Figure 5 right) included all WBs receiving large fluvial continental 
influences related to river discharges. This group contained the other WBs located near the Ebre River, 
the Ebre delta (Delta Sud (C34), Alcanar (C35), Badia Fangar (T01), and Badia Alfacs (T03). It also en-
compassed the WB Sant Pere Pescador-Fluvià (C08), which is located at Roses Bay and subject to the 
influence of the Fluvià River. The third group (blue triangles in Figure 5 right) consisted of WBs with 
moderate fluvial continental influences, including WBs that receive fluvial discharges, such as Ros-
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es-Castelló d’Empúries (C07), which is subject to the influence of the Muga River. The third group also 
included the WB Portbou-Llançà (C01) which does not receive any river discharges but high FWC and 
NO3 and SiO4 concentrations are measured, most likely related to submarine groundwater discharges. 
Finally, the fourth group (dark blue inverted triangles in Figure 5 right) included all WBs not affected 
by fluvial continental influences or where those influences are minimal, such as at Begur-Blanes (C14).
Thus, by studying the spatial variability at the WB scale we were able to identify groups of WBs with 
similar characteristics. These results will be very useful for management purposes, as similar WBs have 
similar environmental problems and are therefore likely to require similar corrective actions. 
3.2. Temporal variability
A temporal characterization of the physicochemical variability of the Catalan coast was presented 
in Chapter 3 and showed a higher variability within CIW than within outermost coastal waters. Here 
we present the results of further temporal studies of CIW, performed using the 1994-2014 dataset 
and from the national to the local scales. First, because a large number of stations changed during 
the study period, which could have introduced biases, we verified the reliability of the CIW trends by 
comparing those calculated using the entire dataset with those calculated only with data from the 
historical stations, sampled from the beginning until the end of the study period without interrup-
tions. Second, we examined the similarities and differences of the years of the study period to better 
comprehend these trends. Third, the trends were studied at the WB and stations levels to shed light 
on the variability at lower spatial scales, which could reveal patterns different than the general one 
determined for the entire Catalan coast. Finally, the same exercise was performed for the seasonality 
at the different stations.
3.2.1. Trends
Verification of the reliability of coastal inshore waters trends
Since its inception in 1990, the National Catalan Coastal Water Monitoring Program, has, over time, 
changed its sampling stations, mainly those in CIW, for several reasons (Figure 6) but mostly due to 
environmental milestones related to this program at the European, Spanish, and Catalan levels (Table 
2). However, these changes could have introduced biases in trends calculated using the program’s 
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databases and thus lead to erroneous interpretations. To verify the reliability of the CIW trends cal-
culated with the entire dataset of the National Catalan Coastal Water Monitoring Program, they were 
compared to the trends calculated using only the data from historical stations (Appendix 3), i.e., those 
sampled consistently from the beginning of the time series and without interruptions.
The first change involved 46% of the sampling stations and was related to the adaptation of the Cat-
alan program to the Catalan Water Law, in 1999 [Llei 6/1999; Generalitat de Catalunya (1999)] (Figure 
6). The most important changes of the program were related to the WFD. Adaptations to the WFD 
were implemented during several years, but especially in 2001, just after the approval of the directive, 
which changed 71% of the sampling stations, and in 2002, which changed 50% of the stations. After 
the publication of the first Analysis of Pressures and Impacts in 2005 [IMPRESS; Agència Catalana de 
l’Aigua (2005)], the Catalan program was revised and 34% of the stations were changed. Following 
the publication of the second IMPRESS, in 2013, 22% of the stations changed. Further changes in the 
Figure 6  ·  Percentage of changing stations per year (y left axis) and number of sampling 
stations per year (y right axis) from 1994 to 2014 (x axis) of Coastal Inshore Waters of the National 
Catalan Coastal Water Monitoring Program. Only sampling stations related to the WFD, approved 
in 2000, were used (beaches and rocky zones). ND indicates no data.
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sampling stations occurred for several reasons. To improve the efficiency of the program, in 2006 a 
variability study was performed and stations with low variability were thereafter sampled quarterly 
rather than monthly; this resulted in changes in 18% of the sampling stations. In 2012, changes were 
made for economic reasons and led to changes in 23% of the stations.
To verify the reliability of the CIW trends identified using the entire dataset of the Catalan program, 
simple linear regressions of the data describing the Chl-a concentration and FAN and FLU indexes 
trends from 1994 to 2014 were calculated using the entire dataset from CIW (stations N=142). The 
results were then compared with those from linear regressions calculated using only data from the 
Year Level Milestone
1995 CAT Wastewater Treatment Plan of Catalonia [A GOV 1996; Generalitat de Catalunya (1996b)]
1999 CAT Water Law [L 6/1999; Generalitat de Catalunya (1999)]
2000 EU Water Framework Directive [WFD; DV 2000/60/CE; European Commission (2000)]
2001 SP Water Law [WFD transposition; RDL 1/2001; Gobierno de España (2001)]
2003 SP Water Law [WFD transposition; L 62/2003, modifies RDL 1/2001; Gobierno de España (2003)]
2003 CAT Water Law [WFD transposition; DL 3/2003; Generalitat de Catalunya (2003)]
2005 CAT Analysis of Pressures and Impacts [IMPRESS 2005; Agència Catalana de l'Aigua (2005)]
2006 CAT Hydrological Planning Regulation [D 380/2006; Generalitat de Catalunya (2006a)]
2007 SP Hydrological Planning Regulation [RD 907/2007; Gobierno de España (2007)]
2007 CAT Monitoring and Control Programme 2007-2012 [A GOV/128/2008; Generalitat de Catalunya (2008)]
2009 CAT Hydrological Planning Regulation [D 31/2009, modifies D 380/2006; Generalitat de Catalunya (2009)]
2019 CAT
Management Plan of the river basin district of Catalonia 2009-2015 [D 188/2010; Generalitat de Cata-
lunya (2010b) - RD 1219/2011; Gobierno de España (2011)] and Programme of Measures 2009-2015 [A 
GOV/238/2010; Generalitat de Catalunya (2010a)]
2010 SP Management Plan of the Ebre river 2010-2015 [RD 129/2014; Gobierno de España (2014))]
2013 CAT Analysis of Pressures and Impacts [IMPRESS 2013; Agència Catalana de l'Aigua (2014)]
2013 CAT Second Monitoring and Control Programme 2013-2018 [A GOV/139/2013; Generalitat de Catalunya (2013)]
2015 EU European waters must achieve ‘Good Ecological and Chemical Status’
2017 CAT
Second Management Plan of the river basin district of Catalonia 2016-2021 [D 1/2017; Generalitat de 
Catalunya (2017b) - RD 450/2017; Gobierno de España (2017)] and second Programme of Measures 
2016-2021 [A GOV/1/2017; Generalitat de Catalunya (2017a)]
TABLe 2  ·  Environmental milestones related to the National Catalan Coastal Water Monitoring 
Program at European (EU), Spanish (SP), and Catalan (CAT) level, since its beginning in 1990. 
Abbreviations: Government Agreement (A GOV), Decree (D), Decree-Law (DL), Directive (DV), 
Law (L) and Royal Decree-Law (RDL).
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historical stations located in these waters (stations N=20).
The linear regressions performed with the entire dataset and with the historical dataset from the CIW 
were statistically significant (p=0.00) and showed an increasing trend over time of the FAN index ac-
companied by a decreasing trend of the FLU index, as previously described (Chapter 3), together with 
a decreasing trend in Chl-a concentrations (Figure 7). The rates of change (i.e., the slopes of the linear 
regressions) of the FAN and FLU indexes calculated using the two datasets were the same (0.02 and 
−0.02, respectively). The rate of change in the Chl-a concentration calculated with the entire dataset 
(−0.02) was slightly lower than that calculated with the historical dataset (−0.03). However, according 
to the ANCOVAs the differences between the trends of the FAN and FLU indexes and the trend of the 
Chl-a concentration calculated with the entire dataset vs. the historical dataset were not significant 
(p=0.68, p=0.16, and p=0.50, respectively). 
These results showed that the trends in the FAN and FLU indexes and the trend in the Chl-a concen-
tration between 1994 and 2014 calculated with the entire dataset of the Catalan Program and with the 
historical dataset identified the same changes and therefore that the many changes in the sampling 
stations did not bias the trends calculated with the time series database of the Catalan program. Thus, 
the previously described trends (Chapter 3) and those determined in this study based on the Catalan 
program are completely reliable.
Figure 7  ·  Linear regressions of chlorophyll-a (CHLA) concentration and FAN and FLU indexes 
in CIW (y axis) calculated with yearly medians from 1994 to 2014 and with all stations (beaches, 
rocky zones, and harbours) (x axis). On the left figure, medians were calculated with the entire 
data set (stations N=142). On the right figure, medians were calculated with the historical data set 
(stations N=20). Equations are shown at the right top of the figures.
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Particularities in the trends of coastal inshore waters 
The trends in the FAN and FLU indexes for Catalan CIW were previously identified and validated. A 
study of the similarities and differences in these indexes over time allows those years in which CIW 
had similar physicochemical characteristics to be grouped together but also identifies discontinuities 
that may have occurred during the study period. This information can reveal the particularities of 
these trends and thus a better interpretation of the events that gave rise to them, which could be very 
valuable for management purposes.
Two groups of years with similar physicochemical characteristics were defined in the scatterplot of 
the yearly medians of the FAN and FLU indexes, considering year 2000  or 2005 (Figure 8). The first 
group included mainly years from the first third of the time series; these were characterized by larger 
Figure 8  ·  Scatterplots of yearly medians of FAN (x axis) and FLU (y axis) indexes calculated with 
data from CIW between 1994 and 2014 (1996 is missing). Boundaries between Water Quality and 
Fluviality categories are shown. Only sampling stations related to the WFD were used (beaches 
and rocky zones). Years are indicated and put together sequentially by a line.
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fluvial continental influences and fewer urban continental influences than in the second group, which 
comprised the rest of the years and whose characteristics were the opposite of those of the first group. 
These results were in agreement with previous ones regarding trends in the indexes during the study 
period. The ANOVAs revealed significant differences among years (p=0.00), considering the FAN and 
FLU indexes independently. Post-hoc comparisons (not shown) suggested similar and different pairs of 
years that were consistent with the two groups defined by the scatterplot. The results of the four MDSs 
based on the FAN and FLU index medians (0.04 and 0.1 values of 2D stress, respectively; not shown) and 
means (0.04 and 0.1 values of 2D stress, respectively; Figure 9) distinguished two significantly different 
groups of years, based on the dissimilarities among them. The first consisted of those with a disconti-
nuity in 2000–2001 and the second in 2004–2005. In the second pair of groups, year 2002 was included 
in the group from 2005 to 2014 instead of in that from 1994 to 2004.
Two major discontinuities were identified: in 2000–2001 and 2004–2005. The first was mainly related 
to an increase in the FAN index in 2001 compared with 2000 and 2002. The year 2001 was dry, which 
may have accounted for the increase in the FAN index because urban continental influences were 
less diluted by freshwater inflows. However, the FLU index showed similar values from 2000 to 2002, 
most likely due to the intense regulation of rivers for human purposes. The 2004–2005 discontinuity 
indicated the start of a period of stronger urban continental influences and weaker fluvial continental 
influences than in previous years. In this case, the high FAN index may have partly been due to the 
Figure 9  ·  MDS showing years grouped by their means of FAN (left) and FLU (right) indexes, 
calculated with data from CIW between 1994 and 2014. Only sampling stations related to the 
WFD were used (beaches and rocky zones). Cluster distances and groups are shown.
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low values of the FLU index and thus to a diminished dilution capacity of freshwater inflows, as noted 
above. The 2004–2005 discontinuity was linked to the winter of 2005, which, unusually, was extremely 
cold and dry all along the NW Mediterranean Sea, with oceanographic and biological consequences. 
For example, along the Catalan coast, there were strong vertical mixing, deep water formation, and 
cascading events such that the entire phytoplankton community was disrupted and the distributions 
of certain species, such as shrimp and the dinoflagellalte Alexandrium catenella, were modified (Arin 
et al., 2013; Ulses et al., 2008).
The meteorological events responsible for the two identified discontinuities had different consequenc-
es with respect to the physicochemical characteristics of CIW. Despite the increase in the FAN index in 
2001, it was not maintained over time and in later years the values were lower. However, the FAN index 
values increased while the FLU index values decreased in 2005 and these changes were maintained 
until the end of the study period. The reversion (in 2001) and maintenance (in 2005) of the physico-
chemical changes in Catalan coastal waters may have been related to the magnitude of their causative 
factors. Those large enough to extremely modify coastal waters would be maintained. For example, the 
exceptional meteorological conditions of the winter of 2005 caused profound changes in the phys-
icochemical variables of the CIW and they persisted over time. Other examples of the reversion and 
maintenance of changes affecting the Catalan coast during the same period but at the oceanographic 
level were also reported, including the generation of bottom nepheloid layers after the deep cascad-
ing events in 1999 and 2005 (Puig et al., 2013). The first vanished after one year, but the second lasted 
longer, at least until 2011 (the last observation). The authors related the persistence of the layers to the 
volume of deep dense waters formed by cascading and by open sea convection. 
The temporal discontinuities in the physicochemical characteristics of CIW were identified, their possi-
ble causes linked to meteorological events, and their consequences for coastal waters exposed. How-
ever, the mechanisms by which meteorological events lead to changes in the physicochemical char-
acteristics of coastal waters are poorly understood, and a threshold that determines the reversion or 
maintenance of these changes has yet to be identified. While these exceptional meteorological events 
were surely related to global change, their precise causes are also still being investigated. 
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Trend variability at a water-body scale
Trends in the FAN and FLU indexes of Catalan CIW were previously established and validated and their 
particularities identified. However, these results were based on the integration of all CIW data whereas 
an analysis of the physicochemical characteristics of the CIW at smaller scales, such as the WB or sta-
tion level, could reveal trends different than those of the Catalan coast. In the following, the variability 
at the WB scale is presented by following the FAN and FLU indexes over time.
WB variability as determined by yearly FAN and FLU index assessments was higher than the general 
variability of CIW (Figure 10) and could be attributed to a lower smoothness effect that occurred by 
integrating the data to assess only WBs. In terms of the spatial variability, these results were in agree-
ment with those reported in Section 3.1. In terms of the temporal variability, some WBs followed the 
general trends of CIW. For example, in 2001, the general increase in the FAN index was also apparent 
in most of the WBs (Figure 10), and the discontinuity linked to the winter of 2005 was clear for both 
indexes, with most of the WBs characterized by lower water quality and fluviality values since 2005. 
However, the physicochemical characteristics of other WBs remained similar over time, with no ob-
vious changes in their trends. This was the case for WBs Sant Adrià de Besòs-Barceloneta (C19) and 
Cambrils-Montroig del Camp (C30), which showed similar water quality over time, and for Sitges (C23) 
and Delta Nord (C33), with similar fluvialities. Finally, for some WBs, changes occurred but did not 
follow the general trends of CIW. For example, WB El Prat de Llobregat-Castelldefels (C22) showed a 
decreasing trend over time of the FAN index and WB Sant Pere Pescador-Fluvià (C08) an increasing 
trend of the FLU index. The variability among years was such that the physicochemical characteristics 
of CIW determined in some years were very different from those determined the year before or the 
year after, as was the case in 2001. However, for some WBs the same characteristics were determined 
in consecutive years, indicating the maintenance of similar water quality or fluviality over time. 
Figure 10  ·  Water Quality (top) and Fluviality (bottom) yearly assessments of WB located at 
Catalan CIW between 1994 and 2014. Catalan Coast (y axis) is represented by WB from the NE 
(top) to the SW (bottom) and time (x axis) is shown in years. Missing data is shown in gray. Water 
Quality is based on the FAN index its categories are: High (in blue), Good (in green), Moderate (in 
yellow), Poor (in orange) and Bad (in red). Fluviality is based on the FLU index and its categories 
are: Very low (in dark blue), Low (in blue), Medium (in light blue), High (in light green) and Very 
high (in dark green). Only sampling stations related to the WFD were used (beaches and rocky 
zones). WBs C36 and C37, corresponding to Barcelona and Tarragona Harbours are not included. 
WBs code is shown, being coastal WBs indicated by a C and transitional WBs by a T.
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These results confi rmed that in WBs, the physicochemical characteristics mainly followed the same 
general trend of the entire Catalan coast over time but with some exceptions in which the trends were 
diff erent or even nonexistent.
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Trend variability at the station scale
The results described above demonstrated that trends in the FAN and FLU indexes at the WB level had 
a higher variability than determined for CIW in general. In the following we present our analysis of the 
physicochemical characteristics of CIW at the station level, and thus at the most local scale possible 
for this study. Trends in the Chl-a concentration and the FAN and FLU indexes were calculated for each 
of the historical sampling stations (Appendix 3), following the same methodology as described above, 
and then, compared with the general trend of CIW.
Figure 11  ·  Linear regressions of FAN and FLU indexes and Chl-a yearly medians (y axis) over 
1994-2014 (x axis) for 4 historical sampling stations from CIW from the Catalan coast: La Muga 
(PL05, top left), La Pineda (PL51, top rigth), Riumar (PL57, bottom left), and Nord Est Besòs (PL33, 
bottom rigth). Equations are shown for the three regressions.
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The results showed that a very high degree of variability at the station scale. This could be explained 
by the fact that a station-level assessment implies the integration of a much smaller number of data 
entries than used with assessments of WBs or the entire Catalan coast. Thus, the smoothness effect 
was minimal and the variability accordingly maximal. While most stations followed the general trends 
of CIW or of its respective WB, for some stations distinct trends were identified that were the opposite 
of the general trend of CIW. Among the 20 studied stations, the trend at station La Muga (PL05) was 
that of both the FAN and FLU indexes and the Chl-a concentration, all of which were the opposite of 
the general trends for the Catalan coast (Figure 11). Thus, at this station there was a decreasing trend 
in the FAN index and increasing trends in the FLU index and Chl-a concentration over time. At other 
stations, one trend was the opposite and the other two followed the general trends of the Catalan 
coast. For example, over time, an increasing trend in the FLU index was determined for station Nord 
Est Besòs (PL33), an increasing trend in the Chl-a concentration for station La Pineda (PL51), and a 
decreasing trend in the FAN index for station Riumar (PL57), all of which were opposite to the general 
trends for the Catalan coast (Figure 11).
These differences highlight the importance of interpreting the results at the same scale at which they 
were obtained; otherwise, there is a risk of erroneous interpretations. Our results show that it cannot 
be assumed that a station follows the general national trend. While studies performed at larger scales 
and offering national interpretations are very useful to identify the generalities of the studied system, 
interpretations at a local scale allow a better understanding of the actual conditions and are especially 
important when management plans are being considered and corrective actions deliberated. 
The trends in the FAN and FLU indexes and the Chl-a concentration at the four above-mentioned 
stations (Figure 11) are discussed in greater detail below to demonstrate the importance of interpre-
tations at the local scale when they are applied for management purposes.
• La Muga (PL05) station is located at Roses Bay, at the NW Catalan coast, within the WB Roses-Cas-
telló d’Empúries (C07). This station is under the direct influence of the La Muga River, 500 m to the 
south, and of the Empuriabrava residential area, 1 km to the north. Its FLU index and Chl-a trends in-
creased while its FAN index decreased over time, opposite of the general trends for the Catalan coast. 
The slight trend in the FAN index can be explained by the Empuriabrava wastewater treatment plant, 
which opened in 1995 and is located 2 km inland. A constructed wetland system was added in 1998, 
pre-treatment was included in 2002, and its capacity was increased in 2007. Today, it treats the waste 
of an equivalent of 67,000 inhabitants (Agència Catalana de l’Aigua, 2015a). A direct consequence of 
the opening and improvement of the plant with respect to the FAN index trend was an improvement 
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of the coastal water quality. Specifically, the constructed wetland system, installed to reduce nutrient 
levels in wastewater, eliminated approximately 7000 Kg of inorganic nitrogen and nearly 2300 Kg of 
dissolved phosphorus in 2005 alone (Sala, 2007). This reduction was accompanied by the improve-
ment of the microbiological quality of the bathing waters of the beach at the mouth of the Muga Riv-
er, which between 1991 and 1994 were not swimmable but after the construction of the plant in 1995 
were again swimmable. In fact, from 1998 onwards the waters were of the highest microbiological 
quality (Borràs and Sala, 2006; Sala and Serra, 2004). With respect to the continental fluvial influences, 
the constructed wetland system and, in 1998, the implementation of a water recycling plan resulted 
in a reduction of the amount of freshwater discharged into coastal waters. In the first phase, from 1998 
until 2003, water was supplied to the wetlands of the Aiguamolls de L’Empordà natural park. In the 
second phase, which started in 2004, water was also supplied to the Castelló d’Empúries Pitch & Putt. 
Both facilities are located near the wastewater treatment plant (Sala, 2004). Currently, the constructed 
wetland system reuses 70–80% of the water treated by the plant [600 000 m3/year of the 800 000 m3/
year in the period 2000–2003; Romero de Tejada et al. (2004)]. These evidences are not in agreement 
with the increasing trend over time of the FLU index values. Chl-a trend increased over time (slope of 
+0.04), the sharp rise in which could be attributed to high yearly medians in 2002 (4.85 µg/L), 2005 
(5.42 µg/L), and 2012 (7.73 µg/L). While this increase might be linked to the increase in the FAN index, 
the actual causes are unknown. 
• Nord Est Besòs (PL33) station is located at the mouth of the Besòs River, within the WB Sant Adrià 
de Besòs-Barceloneta (C19), which is located in the Barcelona metropolitan area. Its trends in the FAN 
index and Chl-a followed those of the Catalan general trends, which, respectively, markedly increased 
(+0.06) and significantly decreased. However, the FLU index differed, with a slightly increasing trend 
over time. The marked increase in the FAN index trend was unexpected, given the presence of the 
Besòs wastewater treatment plant in this area. The plant opened in 1977 and in 2005 was completely 
remodeled to include a biological treatment facility; currently, it treats wastewater from the equivalent 
of 2,843,750 inhabitants (Agència Catalana de l’Aigua, 2015b). However, this area is highly urbanized 
and includes not only urban but also industrial land uses. Accordingly, the water quality at the mouth 
of the Besòs River mostly reflects the very poor physicochemical conditions of the river water because 
of the intense anthropogenic activities within its catchment area. Nonetheless, the coastal water qual-
ity would have been even worse without the high capacity of the Besòs wastewater treatment plant. 
For the FLU index, its increasing trend contrasted with the general Catalan trend. Besòs water, like the 
water of most Mediterranean rivers, is largely used for human purposes. Thus, its flow rate [mean: 4.33 
m³/s; Consorci Besòs-Tordera (2016)] is much lower than a hypothetical natural flow rate. Moreover, 
216
Chapter 4
its waters are mainly groundwater, as superficial water is nearly completely used for human purposes 
and mainly provides from the inflows of wastewater treatment plants (Consorci Besòs-Tordera, 2016). 
Because of this high water demand, in 1966 a trans-basin diversion from the Ter River to the Besòs 
River was constructed, which contributes 190 hm3/year (mean value of 2000–2010), although a re-
duction to 115 hm3/year was planned for 2015 (Cambra de Comerç, 2011). In addition, nearly 25-30 
L/sec flow into the Besòs River from Barcelona subway phreatic waters, the product of a phreatic wa-
ters reuse program implemented on 2007 that became completely operative in 2008 (Diputació de 
Barcelona, 2007). However, these actions related to the flow rate of the Besòs River do not explain the 
increasing trend in the FLU index.
• La Pineda (PL51) station, within the WB Tarragona-Vilaseca (C27), is located between Tarragona city, 
specifically, 2 km from the mouth of the Tarragona harbour where the Francolí river flows into, and Cap 
Salou, 3.2 km to the south. Its increasing Chl-a trend contrasted with the general Catalan trend where-
as the FAN and FLU indexes trends, which significantly increased and decreased respectively, were of 
the same sign as the general ones. The nearest wastewater treatment plant is Vila-seca i Salou, con-
structed in 1995, with a water treatment capacity of the equivalent of 197,917 inhabitants (Agència 
Catalana de l’Aigua, 2015b). Since the implementation of a reuse plan, the plant’s outflows have been 
partially used to water green urban zones and to supply water to the wetlands of the Torre d’en Dolça 
park. This measure could partially explain the decreasing FLU index trend as well as the increasing FAN 
index trend, as one of the results has been the reduced dilution of urban inflows into coastal waters. 
The increasing trend in Chl-a could also be linked to the increase in the FAN index, although the actual 
causes remain to be determined.
• Riumar (PL57) station is located 3 km north of the mouth of the Ebre River, at the SW Catalan coast, 
within the Delta Nord WB (C33). This station is completely influenced by the Ebre River, which is im-
pacted by the human activities carried out along the delta but also all along its catchment area. At this 
station, there was a significant decreasing trend in the FAN index, in contrast to the general Catalan 
trend, and decreasing trends in the Chl-a and FLU indexes. The decreasing trend in the FAN index may 
have partially been due to the Plan for the Integral Protection of the Ebre Delta [PIPDE; Law 11/2005; 
Gobierno de España (2005)], integrated within the Spanish Hydrological Planning Regulation, which 
includes measures for the improvement of water and ecosystem quality, specifically to avoid eutroph-
ication. Currently, there are 37 wastewater systems within the Ebre catchment area in Catalan territory 
that treat wastewater from the equivalent of 109,536 inhabitants (Agència Catalana de l’Aigua, 2012). 
The decreasing trend in the FLU index may have been due to the high demand for water all along 
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the Ebre catchment area, which has led, among other water control measures, to the construction of 
numerous dams. As a result, Ebre River inflows are extremely human-regulated and water discharges 
are less than those considered natural. For the same reason, the amounts of nutrients discharged into 
coastal waters and related to sediments dragged by the river water have been dramatically reduced. 
Together, these may have had a negative effect on Chl-a, which showed a diminishing trend over time.
3.2.2. Seasonality
Seasonality variability at station scale
Seasonality patterns at station-scale may also differ from the national seasonal pattern and should also 
be considered in management plans. 
Figure 12  ·  Scatterplot of monthly mean values of FAN (x axis) and FLU (y axis) indexes of CIW 
calculated with the dataset from 1994 to 2014. Boundaries between Water Quality and Fluviality 
categories are shown. Only sampling stations related to the WFD were used (beaches and rocky 
zones). Months are indicated and put together sequentially by a line.
Catalan Coastal Inshore Waters (1994-2014)
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Seasonality at national scale revealed that monthly mean FAN and FLU index values for CIW plotted in 
the 2D space defined by both indexes and connected sequentially by a line described an anticlock-
wise pattern from January to December (Figure 12). In winter and spring, urban continental influences 
(FAN index) decreased while fluvial continental influences (FLU index) remained high throughout the 
season. In summer, urban continental influences were consistently low and fluvial continental influ-
ences decreased. Finally, in autumn, both increased until winter levels were reached again.
An evaluation of the seasonality at a local scale, i.e. station-scale, in the Catalan coast using the previ-
ous approach, based on monthly mean FAN and FLU index values, showed a seasonal pattern similar 
to the national one for most stations. For example, an anticlockwise seasonal pattern was determined 
for station Punta de la Tordera (PL21) (Figure 13). However, as in the case of the trends, the seasonal 
patterns of some stations differed from the general one. For example, in contrast to the general sea-
sonal trend of CIW, a clockwise seasonal pattern characterized station L’Aluet (PL60) (Figure 13).
The seasonality of the FAN and FLU indexes of the two stations (Figure 13) is examined in greater detail 
below, to demonstrate, as done for trends, the importance for management purposes of interpreta-
tions at a local scale.
Figure 13  ·  Scatterplots of monthly mean values of FAN (x axis) and FLU (y axis) indexes of 
stations Punta de la Tordera (PL21; left) and L’Aluet (PL60; right) calculated with the dataset from 
1994 to 2014. Boundaries between Water Quality and Fluviality categories are shown. Months are 
indicated and put together sequentially by a line.
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• Punta de la Tordera (PL21) station is located at the mouth of the La Tordera River, within the WB 
Blanes-Pineda de Mar (C15). The seasonality of this station followed an anticlockwise pattern. The FAN 
index reached maximum values during autumn and winter and minimum values during spring and 
summer (except September). Maximum values for the FLU index were reached during winter and 
spring, and minimum values during summer and October. These results can be explained by mete-
orological factors. First, because they can be linked to riverine inputs, which indirectly depend on the 
seasonal rain pattern of the littoral Mediterranean climate and on the melting of the winter ice and 
snow from the Pyrenees mountains. Second, their linkage to the seasonality of nutrients described 
for superficial Mediterranean waters (Carreras, 1992) is also meteorologically related. During summer, 
the waters of the Mediterranean are nutrient-limited due to the thermocline. During autumn, this 
thermocline is disrupted by storms such that nutrients reach the upper part of the water column. Ver-
tical mixing along the water column in winter results in maximum values of nutrients at the surface. 
In spring, the thermocline forms again, by the heat of the sun, and interrupts the arrival of nutrients 
to the upper part of the water column and those that remain are consumed by organisms. Therefore, 
the seasonality at station PL21 is the product of two meteorological factor: from the continent, the 
station’s waters receive both freshwater inputs and nutrients from the Tordera River, whose discharges 
follow the annual rainy season, and nutrients from deeper waters, linked to the seasonality of superfi-
cial Mediterranean waters.
• L’Aluet (PL60) station is located inside Alfacs Bay, the southern bay of the Ebre River, which forms 
the WB Badia Alfacs (T03). The seasonality of this station followed a clockwise pattern. The FAN index 
reached maximum values during autumn, winter, and in April and minimum values during summer. 
Maximum values for the FLU index were attained during autumn and minimum values during winter 
and spring. This seasonal pattern followed the seasonality of the delta’s rice crops and thus the tightly 
related supply of water. In April, the lock gates of the delta’s canals are opened and the rice fields are 
flooded with river water. In September, rice is harvested, after which the lock gates are closed, in De-
cember (Forés, 1989). Therefore, when the lock gates are open, there is an important freshwater inflow 
from the rice fields to coastal waters, including those at station PL60, reflected in its high FLU index. By 
contrast, when the lock gates are closed, freshwater inputs into coastal waters are restricted to those 
from natural lagoons and rain run-off. Consequently, the FLU index values are low. In addition, when 
the lock gates are closed, nutrients such as NO2 tend to accumulate in the delta lagoon and, eventual-
ly, reach coastal waters Camp (1994). In addition, in contrast to the rest of the year, these nutrients are 
hardly diluted by freshwaters. As a result, the FAN index values are high.
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3.3. Physicochemical state assessment
The physicochemical state of Catalan coastal waters was assessed by applying the FAN and FLU index-
es to all WBs and stations for the period between 1990 and 2014 (Appendixes 1 and 2, respectively). 
The results were first interpreted using the mean values of the FAN and FLU indexes, and thus contin-
uously and quantitatively, which allowed their precise comparison. They were then interpreted using 
the categories water quality and anthropogenic component of the trophic state, fluviality, and conti-
nental influences, and thus discretely and qualitatively. These categories were used to draw physico-
chemical state maps and to assess the risks of eutrophication and cultural eutrophication of Catalan 
coastal waters. The results yielded recommendations regarding the management of the Catalan coast.
The physicochemical states of the WBs and stations were first assessed using the FAN and FLU index 
values (Figure 14), which showed greater variability among stations than among WBs. This was due 
to the smoothness effect that occurred when the data were integrated to assess the WBs but which 
did not occur for the stations. For example, the range of the FAN index was −1.03 to 5.21 for WBs and 
−0.82 to 4.78 for stations. The variability at CIW stations was greater than that at CNW and COW sta-
tions, as previously shown (Chapter 1). CIW WBs also showed greater variability than CNW and COW 
WBs according to the FAN index, due to the greater impact of urban continental inputs on CIW than 
in outermost coastal waters. The variability of the FLU index for the three coastal water areas was the 
same because the influence of the Ebre River extended from the coastline to > 5000 m offshore. Final-
ly, the results revealed that the maximal FAN index values corresponded to WBs and stations located 
near the Barcelona metropolitan area or to stations affected by urban wastewater inflows, for example 
station Edar de Sant Carles de la Ràpita (PL67). The maximal FLU index values corresponded to WBs 
and stations located around the Ebre delta or near the outflow of other rivers, such as station Empúries 
(PL95), near the mouth of the Fluvià River.
Figure 14  ·  Scatterplot of mean values of FAN (x axis) and FLU (y axis) indexes of WBs (top) 
and stations (bottom) calculated with the dataset from 1994 to 2014. CIW assessments are 
indicated by orange dots and for CNW by blue dots. WBs and stations code are shown. Coastal 
WBs are indicated by a C at the beginning of their code and transitional WBs by a T. Harbour 
stations are indicated by a P at the beginning of their code, beaches by a B, rocky zones by a R, 
CNW stations by a M, and COW stations by a L. For WBs, only sampling stations related to the 
WFD were used (beaches and rocky zones) and WBs C36 and C37, corresponding to Barcelona 
and Tarragona harbours, were not included. 
Physicochemical state
221
222
Chapter 4
3.3.1. Water quality
The water quality of Catalan coastal waters was inversely related to the area on the continent dedi-
cated to urban uses, with the most urbanized areas on land those assigned to the worst coastal water 
quality categories and vice versa (Figure 15). 
The water quality category of stations was usually, but not always the same as that of their respective 
WB. The procedure used to assess the water quality of WBs consisted of an integration of their station 
assessments. As a result, stations with assessments very different than those of other stations in the 
same WB were smoothed and the general water quality of the WB was usually not affected by them. 
In other cases, differences were observed. For example, the water quality at station Empúries (PL95) 
was poor whereas that of its WB, Sant Pere Pescador-Fluvià (C08), was high. 
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WBs Sant Adrià de Besòs-Barceloneta (C19) and Llobregat (C21), located around the Barcelona metro-
politan area, had bad water quality of their waters. Stations with bad water quality were located within 
WBs with better water quality, such as the Edar de Sant Carles de la Ràpita (PL67), discussed above. 
This station was located in WB Badia Alfacs (T03), whose water quality was good because nearly all of 
its other stations had a high water quality.
Figure 15  ·  Maps of the Catalan coast showing the coastal Water Quality, based on the FAN 
index, of WBs (top, coloured areas) and stations (bottom, coloured dots) for the period between 
1994 and 2014. Main characteristics of the land (urban areas in brown and rivers in blue) are 
indicated along with the bathymetry (meters depth; in gray) and the coastline (in black). Coastal 
Water Quality categories are indicated in figure 10.
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Several WBs and stations along the Catalan coast had poor or moderate water quality. A first group was 
exemplified by the WBs Barceloneta-Zona II Port de Barcelona (C20) and El Prat de Llobregat-Castelldefels 
(C22), and most of their stations. These were located in the Barcelona metropolitan area and thus received 
large urban influences from the continent and also from neighboring WBs. A second group included WBs 
and stations that received large urban continental influences but not related to the Barcelona metropol-
itan area. Within this group, there was no WB with poor water quality but three WBs were of moderate 
water quality: the previously described Roses-Castelló d’Empúries (C07), linked to the inflows of the Muga 
River and the Empuriabrava residential area; the Tarragona-Vilaseca (C27), linked to the inflows of the 
Francolí River and the urban and industrial activities of that area; and Salou-Cambrils (C29), linked to the 
station Ponent (Barranc de Barenys) (PL86), at the mouth of an ephemeral stream, where the mean water 
discharge is linked to major precipitations events and the inflows of the wastewater treatment plant of 
Reus (Agència Catalana de l’Aigua, 2013). Stations within this second group were located within better 
classified WBs. Stations with poor and moderate water quality were, for instance and respectively, L’Estar-
tit (4) (PL10), located in WB Torroella de Montgrí-El Ter (C11) and with good water quality, and Desembo-
cadura de la Platjola (PL89), located in WB Delta Sud (C34) and with a high water quality.
The water quality at the remainder of the Catalan WBs and stations was good or high. The stations 
of WBs with these classifications had the same water quality category or a lower water quality. Local 
problems related to urban continental influences could exist in the latter, even though they did not 
diminish the water quality classification of the respective WB. WBs with high water quality and with all 
their sampling stations also with high water quality were: Cap de Creus (C03), Badia de Cadaqués (C04; 
with only one station), and Alcanar (C35).
As mandated by the WFD, WBs that do not reach a good ecological status, a measure of water quality 
assessed by several biological quality elements, should be the target of measures to improve their 
status (European Commission, 2000). Thus, the key boundary for ecological status is the good-mod-
erate boundary. Applying this same boundary as that defined by water quality categories based on 
the FAN index, 80% of the WBs and 81% of the stations of the Catalan coast had an acceptable water 
quality during the study period; that is, urban continental influences were small and the water quality 
good or high (Figure 16). These percentages of the WBs and stations were similar (< 2% dissimilarity), 
according to this assessment. However, 6% of the WBs and 9% of the stations had the worst water 
quality, implying large urban continental influences and therefore a poor or bad water quality. Thus, 
the percentages of WBs and stations differed, with the lower percentages for WBs attributable to a 
smoothness effect, as described above. This difference pointed out local problems that could not be 
detected in assessments of water quality at a national scale, again highlighting the importance of 
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local-scale assessments in the development of management policies.
The antrophogenic component of the trophic state of Catalan coastal waters was assessed using the 
FAN index. Oligotrophic waters were determined in 81% of the WBs and stations, mesotrophic waters 
in 14% and 15%, and eutrophic waters in 5% and 4%, respectively (Figure 17). Among the WBs in the 
eutrophic group were Sant Adrià de Besòs-Barceloneta (C19) and Llobregat (C21). However, along the 
Catalan coast, eutrophic waters are those with a high dissolved inorganic nutrient concentration but 
do not necessarily imply high primary production, changes in the balance of organisms, or the devel-
opment of hypoxia or anoxia, as is the case in other seas (Breitburg, 2002; Diaz and Rosenberg, 1995; 
Gray et al., 2002). The percentages of WBs and stations were similar, according to this assessment. 
Figure 16  ·  Pie chart of the Catalan coastal Water Quality, based on the FAN index, by WBs 
(left) and stations (right) for the period between 1994 and 2014. Percentages are indicated and 
categories are indicated in fi gure 10.
Figure 17  ·  Pie chart of the Catalan coastal water Trophic State, based on the FAN index, by 
WBs (left) and stations (right) for the period between 1994 and 2014. Percentages are indicated.
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These results, even if they regard only the anthropogenic component of the trophic state, are not in 
agreement with those of the World Resources Institute regarding eutrophic areas of the world (Diaz et 
al., 2001), since according to previous studies only water bodies Badia Fangar (T01) (Quijano-Scheggia 
et al., 2008; Raaijmakers, 2006; Vila et al., 2001) and Badia Alfacs (T03) (Llebot et al., 2010; Loureiro et al., 
2009; Quijano-Scheggia et al., 2008; Vila et al., 2001) are identified as eutrophic in the Catalan coast.
3.3.2. Fluviality
The fluviality of Catalan coastal waters is related to freshwater inflows received from the continent, 
mainly riverine but also submarine groundwater discharges (Figure 18). 
The fluviality of the stations included in this study was mostly the same as that of their respective WB 
but, as in the case of water quality, there were also exceptions. 
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The Catalan coastal zone most influenced by fluvial continental influences, and thus with a very high 
fluviality, was in the vicinity of the Ebre delta: WBs Delta Nord (C33), Alcanar (C35), and the two tran-
sitional WBs corresponding to the delta bays, Badia Fangar (T01) and Badia Alfacs (T03). Most of the 
stations located within these WBs also had a very high fluviality. However, not all WBs and stations in 
this zone had very high fluviality, which was unexpected. The Ebre River drains a watershed of 84,230 
km² (Ludwig et al., 2009), where 8% of the Catalan population lives (Cambra de Comerç, 2011). It has a 
Figure 18  ·  Maps of the Catalan coast showing the Fluviality, based on the FLU index, of WBs 
(top, coloured areas) and stations (bottom, coloured dots) for the period between 1994 and 2014. 
Main characteristics of the land (urban areas in brown and rivers in blue) are indicated along with 
the bathymetry (meters depth; in gray) and the coastline (in black). Coastal Fluviality categories 
are indicated in figure 10.
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mean water discharge at the river’s mouth of 416 m³/s (Ludwig et al., 2009), which is low considering the 
Ebre’s watershed. This is due to the extreme regulation of this river in order to cover human water needs, 
exemplified by its 299 dams (Ministerio de Agricultura y Pesca Alimentación y Medio Ambiente, 2016).
Areas along the coast with important fluvial continental influences and thus a high fluviality were the 
WB Delta Sud (C34), which is also related to the Ebre River; Sant Pere Pescador-Fluvià (C08), related 
to the Fluvià River; and Torroella de Montgrí-El Ter (C11), related to the Ter River. These WBs included 
stations with several different fluviality categories. 
The fluviality of several WBs along the coast was medium, attributable to submarine groundwater 
discharges and fluvial inflows. The former was the case for the WB Portbou-Llançà (C01), located north 
of the Cap de Creus. This WB is described by a zone characterized by small watersheds, ephemeral 
streams that discharge only during storm events, Mediterranean dry fields, small forests, and a few 
small urban areas. However, it also receives large freshwater inflows related to submarine groundwater 
discharges, whose influence is prominent in Mediterranean coastal zones not influenced by urban 
areas or rivers (Garcia-Solsona et al., 2010). In other WBs, their medium fluviality was related to fluvial 
inflows: Roses-Castelló d’Empúries (C07), related to the la Muga River; Blanes-Pineda de Mar (C15), 
related to the Tordera River, Llobregat (C21), related to the Llobregat River; and Tarragona-Vilaseca 
(C27), related to the Francolí River. These WBs also included stations with several fluviality categories.
The fluviality of the remaining Catalan WBs was low or very low. These WBs included stations with high-
er fluvial continental influences comprising freshwater inflows with only a local influence. For example, 
station Sant Feliu de Guíxols (PL16), which had a very high fluviality, is located in WB Begur-Blanes (C14), 
whose fluviality was low, and station Desembocadura del Besòs (PL32), which had a medium fluviality, 
is located WB Sant Adrià de Besòs-Barceloneta (C19), whose fluviality was also low. The results for the 
latter station were highly unexpected, because the Besòs River, which drains a watershed of 1,038 km², 
empties into the Mediterranean Sea in the vicinity of this station. However, the river’s influence was not 
detected by the FLU index because the mean water discharge in summer is only 2 m³/s. In fact, this 
watershed has a negative water balance and two-thirds of the surrounding population’s freshwater 
needs come from the Ter-Lloregat water system (Consorci Besòs-Tordera, 2016). WBs with a low or very 
low fluviality at all of their stations and thus classified in these fluviality categories were Cap de Creus 
(C03), Sitges (C23), and Tarragona Nord (C26). 
At the Catalan coast, the fluvial continental influences of 19% of the WBs and 21% of the stations were 
large, as measured by the FLU index, and thus of very high or high fluviality (Figure 19). These percent-
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ages were similar to each other (< 2% dissimilarity). Small fl uvial continental infl uences, implying very 
low or low fl uviality, were determined for 59% of the WBs and 61% of the stations. These percentages 
were also similar.
These results exemplify the lower than natural degree of fl uviality, due to the intense regulation of 
rivers that meet strong water demands by humans, including the control of irregular precipitation, 
the prevention of fl ood-related damage, and safeguarding of the drinking water supply, as well as in-
dustrial demands, such as for hydroelectric power. Water intake, water diversions, and dams artifi cially 
change river discharges. In Spain, for example, before 1900 there were 55 dams whereas there are now 
1,538, 16 of them in internal Catalan watersheds (i.e. whole extension located inside Catalonia) and 
299 in the Ebre watershed (Ministerio de Agricultura y Pesca Alimentación y Medio Ambiente, 2016). 
Moreover, because of anthropogenic factors, freshwater discharges are temporally controlled and do 
not follow a natural seasonality. This is well-demonstrated by the fl uviality of the zone in front of the 
Barcelona metropolitan area or the Ebre delta. However, the River Basin Management Plans of the 
WFD mandate the progressive implementation of ecological fl ows. i.e. the amount of water required for 
the aquatic ecosystem to continue to thrive and provide the services we rely upon (European Commission, 
2015). Catalonia is on track to ensure the ecological fl ows of 98% of its watercourses by 2018–2020 
(Agència Catalana de l’Aigua, 2016b).
Figure 19  ·  Pie chart of the Catalan coastal water Fluviality, based on the FLU index, by WBs 
(left) and stations (right) for the period between 1994 and 2014. Percentages are indicated and 
categories are indicated in fi gure 10.
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3.3.3. Continental Influences
Continental influences, which are divided into urban and fluvial ones and thus to the FAN and FLU 
indexes respectively, are related to urban land uses and freshwaters inflows into coastal waters (Figure 
20). Accordingly, the physicochemical state of Catalan coastal waters reflects the characteristics of the 
surrounding continent, including its morphology, hydrology, and land uses.
Figure 20  ·  Maps of the Catalan coast showing the Continental Influences, based on the FAN 
and FLU indexes, of WBs (top, coloured areas) and stations (bottom, coloured dots) for the period 
between 1994 and 2014. Main characteristics of the land (urban areas in brown and rivers in 
blue) are indicated along with the bathymetry (meters depth; in gray) and the coastline (in black). 
Continental Influences categories are: None (in blue), Fluvial (in green), Mixed (in orange) and 
Urban (in red).
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As seen for water quality and fluviality, the WBs generally included stations with the same classification 
but there were also exceptions. These latter stations had local dissimilarities with their respective WB but 
they were not large enough to influence that WB as a whole. Catalan coastal zones with fluvial continen-
tal influences (from NE to SW) were those related to the groundwater detected north of the Cap de Creus 
(WB C01) and to the Fluvià and Ter Rivers (C08–C12), Tordera River (C15), and Ebre River (C33–C35, T01, 
and T03). Coastal zones subject to urban continental influences were those close to the Barcelona met-
ropolitan area (C19, C20 and C22) and the Salou coast (C29). Coastal zones with mixed continental influ-
ences, and thus with urban but also fluvial continental influences, were those in front of the Muga (C07), 
Llobregat (C21) and Francolí (C27) rivers. For the remainder of the Catalan coast there was no noticeable 
continental influence, including stations around the Cap de Creus (C02–C06) and the Costa Brava (C14), 
Maresme (C16–C18), Costra Durada (C23–C26), Cap Salou (C28), and the Gulf of Sant Jordi (C30–C32).
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Along the Catalan coast, 53% of the WBs receive large infl uences of diff erent kinds from the continent. 
These infl uences result in the input of large amounts of nutrients into coastal waters, which could 
boost primary production. Consequently, 53% of Catalan coastal WBs were determined to be at risk 
of eutrophication. Among the continental infl uences, only those of anthropogenic origin, i.e., urban 
and mixed continental infl uences, are considered a risk for coastal environments. Fluvial continental 
infl uences are assumed to be of natural origin and to not pose a risk for coastal environments, even 
though NO3 is partially related to agriculture and thus of an anthropogenic origin. This is also the case 
for WBs with a lack of continental infl uences of any kind. For WBs of the Catalan coast, 19% had a phys-
icochemical state that had been altered by anthropogenic activities, and were thus found to be at risk 
of cultural eutrophication, and 81% a physicochemical state considered natural. The percentages for 
the stations were similar, 20% vs. 80%. Management plans aimed at reducing the arrival of dissolved 
inorganic nutrients of anthropogenic origin to altered coastal waters should therefore seek to reduce 
the risk of cultural eutrophication of these waters.
The percentage of WBs at risk of cultural eutrophication was not high, considering the enormous an-
thropogenic pressures on the continent, related mainly to urbanization, industry, agriculture, and, im-
portantly, the Barcelona metropolitan area, with a population density of 15,319.6 habitants/km². The 
eff ects of these anthropogenic continental pressures on coastal waters would have been much worse 
if not for the eff orts of Catalan administrations, especially since the 1990s, to reduce water pollution 
and improve water quality. Among the actions implemented thus far is the Wastewater Treatment Plan 
Figure 21  ·  Pie chart of the Catalan coastal water Contiental Infl uences, based on the FAN and 
FLU indexes, by WBs (left) and stations (right) for the period between 1994 and 2014. Percentages 
are indicated and categories are indicated in fi gure 20.
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of Catalonia (Generalitat de Catalunya, 1996a), approved in 1995 and adapted to the European Urban 
Waste Water Directive (European Communities Council, 1991) and the WFD (European Commission, 
2000). The Catalan plan includes the Urban Wastewater Treatment Program (Generalitat de Catalunya, 
2006b) and the Industrial Wastewater Treatment Program (Generalitat de Catalunya, 2004). Their imple-
mentation has led  to the treatment of ~97% of the wastewaters generated  by the Catalan population 
by 504 wastewater treatment plants (Agència Catalana de l’Aigua, 2016a). Another major action is the 
National Catalan Water Monitoring Program, conducted since 1990 and consisting of a collaboration 
between the Water Catalan Agency and the Marine Science Institute, thus with the involvement of the 
government and researchers. This program has provided knowledge on the physicochemical charac-
teristics of the Catalan coast, with an emphasis on the sampling of CIW, where continental influences 
are the most prominent. This approach has led to the identification of problems at a local scale and 
thereby contributed to the improvement of the Wastewater Treatment Plan of Catalonia. Together 
these efforts account for the current very satisfactory physicochemical state of Catalan coastal waters.
3.4. Management implications
The findings of this study highlight the importance of conducting studies at the local scale to obtain 
accurate information of coastal environments, as an important complement to the information ob-
tained in national-scale studies. The latter are very useful in establishing an overall picture of the stud-
ied system and of the ecological dynamics of coastal environments, but they rely on the integration of 
information obtained at a local scale and their findings are accordingly generalized. Analyses of this lo-
cal-scale information can reveal the specific characteristics and particularities of coastal environments, 
which may differ from the national-scale information and should be considered in management plans.
The results of this study are key for Catalan coast management purposes, with three direct applications.
I. Local physicochemical information is essential to the development of management plans because 
corrective actions should mostly be implemented at a local scale in order to respond to specific envi-
ronmental issues. If management plans are created using only national information, the corrective ac-
tions may be inadequate for some zones of the coast. Physicochemical results, whether obtained at the 
national or local scale, must be carefully interpreted, especially if they are to be used for management 
purposes. This study provided local physicochemical information on the Catalan coast that can already 
be considered in further management plans of the Catalan administration, such as those directed at 
the river basin district of Catalonia and at the Ebre River, both of which are included in the WFD.
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II. Information on the physicochemical variability and state of coastal waters contributes to meeting 
the requirements of European environmental laws, such as the WFD. The good status mandated by 
this directive for all European waters is defined as the chemical plus the ecological status divided by 
the potential status of the WB of interest. Chemical status is defined based on full compliance with the 
environmental quality standards established for chemical substances at the European level, and eco-
logical status in terms of the status of biological, hydromorphological, and physicochemical quality 
elements. Our results fulfill the requirements of the WFD related to physicochemical quality elements 
because they provided the assessment of general physicochemical conditions, which is essential to 
assess the ecological status of WBs from the Catalan coast.
III. The most important environmental laws regarding water quality in Europe, the WFD and the Marine 
Strategy Framework Directive, state that for coastal environments where anthropogenic impacts have 
been identified, management plans should be applied aimed at reversing or minimizing those impacts 
and at restoration of the state of waters. By providing information on coastal waters at risk of cultural 
eutrophication, such as in this study, and assessing eutrophication based on Chl-a, as a proxy of primary 
production, zones of cultural eutrophication would be identified. In these zones, corrective management 
actions should be implemented aimed at decreasing the concentrations in coastal waters of dissolved in-
organic nutrients of urban continental sources and, thus, of Chl-a concentration of anthropogenic origin. 
In addition, the physicochemical information obtained by determinations of the FAN and FLU indexes 
could be used as a first tool to gauge the efficacy of already implemented corrective actions. 
4. CONCLUSIONS 
This study provided further national-scale knowledge on the spatial and temporal physicochemical 
variability of Catalan coastal waters. Specifically, spatial gradients of coast-open sea, surface-depth, 
and confinement in the Catalan coast were confirmed. In addition, trends in Catalan CIW were verified 
by comparison with historical station data and revealed two major discontinuities, in 2001 and 2005, 
linked to meteorological events. 
Moreover, ours is the first detailed study of the physicochemical variability of Catalan coastal waters at 
a local scale. WBs with similar physicochemical characteristics were grouped and characterized. Data 
on the national trends and seasonality were compared to those for WBs and stations and led to the 
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identification of obvious differences in some cases.
The FAN and FLU indexes were applied to assess the physicochemical state of each WB and station 
of the Catalan coast. Therefore, their water quality, anthropogenic component of the trophic state, 
fluviality, and continental influences were established. These results were linked to the main pressures 
impacting coastal waters from the continent: urban land uses and fluvial and groundwater freshwater 
inflows. An interpretation of these results showed that 53% of WBs are at risk of eutrophication and 
19% are at risk of cultural eutrophication. This study also identified the lower than natural degree of 
fluviality of some Catalan coastal zones. This discrepancy was attributed to the strong regulation of 
important rivers covering human water needs. The risk of cultural eutrophication of Catalan coastal 
waters was also lower than expected, which reflected the efforts of Catalan administrations, especially 
since the 1990s, to reduce water pollution and improve water quality.
Finally, the findings of this study highlight the importance of performing studies at the local scale 
to obtain accurate information of coastal environments and three management-related applications 
of our study were identified: 1) the provision of local physicochemical information to be considered 
in further management plans of the Catalan administration; 2) the fulfillment of the compulsorily 
requirements of current European environmental laws, such as the WFD; and 3) the identification of 
the coastal waters at risk of cultural eutrophication, which combined with an assessment of eutrophi-
cation based on Chl-a would allow the identification coastal zones where cultural eutrophication has 
already taken place.
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APPENDIX
1. Water bodies of the Catalan coast and their
   physicochemical state
APPeNDiX 1  ·  WBs of the Catalan coast (code, name, and initial geographical coordinates) and 
their physicochemical state in form of categories of Water quality, Trophic state, Fluviality and 
Continental influences, calculated with the FAN and FLU indexes for the period 1994-2014. In the 
WB code, a C indicates a coastal WB and a T indicates a transitional WB.
Water 
body code
Water body
name
WB initial
uTM X
WB initial
uTM Y
Water 
quality 
Trophic state Fluviality
Contiental 
influences
C01 Portbou-Llançà 514395 4698350 High Oligotrophic Medium Fluvial
C02 Badia del Port de la Selva 515372 4688169 Good Oligotrophic Low None
C03 Cap de Creus 516647 4688066 High Oligotrophic Low None
C04 Badia de Cadaqués 523600 4681683 High Oligotrophic Low None
C05 Cap Norfeu 523139 4681369 Good Oligotrophic Low None
C06 Canyelles 518148 4675799 Good Oligotrophic Low None
C07 Roses-Castelló d'Empúries 515093 4677816 Moderate Mesotrophic Medium Mixed
C08 Sant Pere Pescador-Fluvià 509282 4672551 High Oligotrophic High Fluvial
C09 L'Escala 510008 4665235 High Oligotrophic Medium Fluvial
C10 Montgrí 512655 4663309 High Oligotrophic Medium Fluvial
C11 Torroella de Montgrí-El Ter 517355 4655798 Good Oligotrophic High Fluvial
C12 Pals-Sa Riera 516428 4650683 High Oligotrophic Medium Fluvial
C14 Begur-Blanes 517774 4647151 High Oligotrophic Low None
C15 Blanes-Pineda de Mar 482647 4613452 High Oligotrophic Medium Fluvial
C16 Pineda de Mar-Mataró 473448 4607522 High Oligotrophic Low None
C17 Mataró-Montgat 452141 4596826 Good Oligotrophic Low None
C18 Montgat-Badalona 441393 4591602 Good Oligotrophic Low None
C19
Sant Adrià de Besòs-
Barceloneta
437195 4588207 Bad Eutrophic Low Urban
C20
Barceloneta-
Zona II Port de Barcelona
433247 4581902 Moderate Mesotrophic Low Urban
C21 Llobregat 427487 4572849 Bad Eutrophic Medium Mixed
C22
El Prat de Llobregat-
Castelldefels
424764 4570977 Moderate Mesotrophic Very low Urban
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Water 
body code
Water body
name
WB initial
uTM X
WB initial
uTM Y
Water 
quality 
Trophic state Fluviality
Contiental 
influences
C23 Sitges 410407 4568361 Good Oligotrophic Very low None
C24 Vilanova i la Geltrú 398566 4564508 Good Oligotrophic Very low None
C25 Cubelles-Altafulla 389298 4561996 Good Oligotrophic Low None
C26 Tarragona Nord 363189 4554821 High Oligotrophic Very low None
C27 Tarragona-Vilaseca 354529 4552856 Moderate Mesotrophic Medium Mixed
C28 Cap de Salou 347316 4547705 Good Oligotrophic Very low None
C29 Salou-Cambrils 345528 4546792 Moderate Mesotrophic Low Urban
C30
Cambrils-
Montroig del Camp
339078 4547569 High Oligotrophic Very low None
C31
Vandellós i L'Hospitalet
de l'Infant
329486 4544221 High Oligotrophic Low None
C32 L'Ametlla de Mar 317912 4531767 High Oligotrophic Low None
C33 Delta nord 309176 4521871 Good Oligotrophic Very high Fluvial
C34 Delta Sud 318059 4505499 High Oligotrophic High Fluvial
C35 Alcanar 299217 4491984 High Oligotrophic Very high Fluvial
C36 Port de Barcelona 430791 4576484
C37 Port de Tarragona 350650 4549773
T01 Badia Fangar 309515 4516657 Good Oligotrophic Very high Fluvial
T03 Badia Alfacs 299854 4497195 Good Oligotrophic Very high Fluvial
2. Stations of the Catalan coast and their physicochemical 
    state
APPeNDiX 2  ·  Stations of the Catalan coast (code, name, geographical coordinates, type, and 
WB where they belong) and their physicochemical state in form of categories of Water quality, 
Trophic state, Fluviality and Continental influences, calculated with the FAN and FLU indexes for 
the period 1994-2014. Station sampled at CIW are indicated with a P at the beginning of the 
station code if they are harbours, with a PL if beaches and with a R if rocky zones. Besides, stations 
sampled at CNW are indicated with a M and those sampled at COW with a L.
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Station 
code
Station name
Station 
uTM X
Station 
uTM Y
Water 
body code
Water quality Trophic state Fluviality
Contiental 
influences
PL01 Portbou 513341 4697441 C01 High Oligotrophic Very high Fluvial
R24 Cap Ras 513235 4693183 C01 Good Oligotrophic Very low None
PL02 El Port 513307 4691227 C01 High Oligotrophic Medium Fluvial
P01 Llançà 513537 4691238 C01 Moderate Mesotrophic High Mixed
R08 S'Arenella 515388 4689028 C01 High Oligotrophic Low None
PL75 El Port de la Selva 516729 4687293 C02 Good Oligotrophic Low None
PL62 El Pas 516712 4688208 C03 High Oligotrophic Low None
R09 Cala Jugadora 525840 4685298 C03 High Oligotrophic Very low None
R01 Punta Gomaric 524558 4681553 C03 High Oligotrophic Very low None
PL03 Gran de Cadaqués 523027 4682061 C04 High Oligotrophic Low None
PL98 Cala Montjoi 518887 4677880 C05 High Oligotrophic Low None
R10 Montjoi 518808 4677701 C05 Good Oligotrophic Very low None
R11 Canyelles Petites 516387 4677182 C06 Good Oligotrophic Very low None
PL94
Cala Canyelles 
Petites
516300 4677410 C06 Good Oligotrophic Low None
P02 Roses 515023 4678388 C07 Moderate Mesotrophic Medium Mixed
PL04 Roses 514233 4679299 C07 High Oligotrophic Low None
P03 Empuriabrava 511015 4677523 C07 High Oligotrophic High Fluvial
PL05 La Muga 510534 4676371 C07 Poor Mesotrophic High Mixed
PL06 Can Comes 510367 4675984 C07 Poor Mesotrophic High Mixed
PL83
Desembocadura 
del Fluvià
509319 4672520 C08 High Oligotrophic Very high Fluvial
PL07
La Gola (Sant Pere 
Pescador)
509269 4670860 C08 High Oligotrophic High Fluvial
PL08 Sant Pere Pescador 509412 4669679 C08 High Oligotrophic Medium Fluvial
PL95 Empúries 509739 4666132 C08 Poor Mesotrophic Very high Mixed
PL84 La Creu 510776 4664084 C09 High Oligotrophic Medium Fluvial
PL76 La Platja 511113 4664041 C09 Good Oligotrophic High Fluvial
R12 Cala Mateua 513893 4662573 C10 High Oligotrophic Low None
PL63 Cala Montgó 514104 4661910 C10 High Oligotrophic Low None
R02 Punta del Molinet 517351 4655800 C10 Good Oligotrophic Very low None
P04 L'Estartit 516986 4656040 C11 High Oligotrophic High Fluvial
PL09 L'Estartit (2) 516410 4654997 C11 High Oligotrophic Medium Fluvial
PL68 L'Estartit (3) 516348 4654572 C11 Good Oligotrophic Low None
PL10 L'Estartit (4) 516271 4652986 C11 Poor Mesotrophic Very high Mixed
PL11 La Gola (Torroella de Montgrí) 516303 4651930 C11 Moderate Mesotrophic Very high Mixed
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PL64 Rec del Molí 516475 4650475 C12 Good Oligotrophic Medium Fluvial
PL69 El Grau 516577 4649863 C12 High Oligotrophic High Fluvial
R30 Illa Roja 517562 4647473 C12 High Oligotrophic Low None
R27 Sa Riera (2) 517516 4647145 C12 Moderate Mesotrophic Low Urban
R13 Sa Riera 517555 4647257 C12 High Oligotrophic Medium Fluvial
PL81 Sa Tuna 519143 4645601 C14 Good Oligotrophic Low None
R03
Far de Sant 
Sebastià
516932 4638061 C14 Good Oligotrophic Very low None
PL12 Llafranc 516240 4638183 C14 High Oligotrophic Medium Fluvial
PL13 La Fosca 511963 4634121 C14 High Oligotrophic Very low None
P05 Palamós 510685 4632702 C14 High Oligotrophic Low None
PL14 Sant Antoni 508848 4632937 C14 High Oligotrophic Medium Fluvial
R14 Platja Rovira 506190 4630067 C14 High Oligotrophic Very low None
PL15 Platja d'Aro 505610 4628717 C14 Good Oligotrophic Low None
PL65 Sant Pol 504170 4626701 C14 High Oligotrophic Low None
PL16
Sant Feliu de 
Guíxols
502720 4625550 C14 High Oligotrophic Very high Fluvial
PL73 Canyet 498487 4623281 C14 Good Oligotrophic Very low None
R04 Ses Illetes 495044 4619070 C14 Good Oligotrophic Very low None
PL17 Lloret de Mar 487525 4616421 C14 High Oligotrophic Medium Fluvial
R28 Cala Banys 487072 4616155 C14 Good Oligotrophic Very low None
PL70 Fenals 486210 4615990 C14 High Oligotrophic Low None
P06 Blanes 483227 4613937 C14 High Oligotrophic High Fluvial
PL18 Blanes 482891 4613707 C14 High Oligotrophic Medium Fluvial
PL19 Sabanell (Palomera) 482684 4612452 C15 High Oligotrophic Low None
PL20 Sabanell 482125 4612369 C15 High Oligotrophic High Fluvial
PL21 Punta de la Tordera 481452 4611099 C15 Good Oligotrophic High Fluvial
PL22 Pescadors 474472 4607974 C15 High Oligotrophic Low None
PL23 Calella 472081 4607015 C16 High Oligotrophic Medium Fluvial
R15 Roca Grossa 470071 4606166 C16 High Oligotrophic Low None
PL24 Cavaió 464017 4603489 C16 High Oligotrophic Low None
P07 Arenys de Mar 463043 4603369 C16 High Oligotrophic Very high Fluvial
PL96 Picòrdia 462823 4603206 C16 High Oligotrophic Medium Fluvial
R25
Apartaments 
Blaumar
457686 4600377 C16 Moderate Mesotrophic Very low Urban
R31 Castell de Mata 455745 4599707 C16 Good Oligotrophic Very low None
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R29 Rotonda 456430 4599967 C16 Good Oligotrophic Very low None
PL25 El Callao 454718 4598900 C16 High Oligotrophic Medium Fluvial
R16 Port de Mataró 454160 4597956 C16 Good Oligotrophic Very low None
R26 Riera d'Argentona 452070 4596749 C17 Moderate Oligotrophic Low Urban
PL27 Cabrera de Mar 450435 4595467 C17 High Oligotrophic Medium Fluvial
PL85 Vilassar de Mar 448810 4594481 C17 Good Oligotrophic Low None
P08 Premià de Mar 447398 4593632 C17 Moderate Mesotrophic Very high Mixed
PL28 El Pla de l'Ós 446230 4593185 C17 High Oligotrophic Medium Fluvial
PL29 Ocata 443204 4592144 C17 Good Oligotrophic Low None
PL30 Badalona 437542 4588806 C18 High Oligotrophic Medium Fluvial
PL31 El Parc del Litoral 436113 4586081 C19 Poor Mesotrophic Low Urban
PL32
Desembocadura 
del Besòs
436053 4585855 C19 Bad Eutrophic Medium Mixed
PL33 Nord-est Besòs 435891 4585524 C19 Bad Eutrophic Low Urban
PL34 La Mar Bella 434279 4583544 C19 Moderate Mesotrophic Low Urban
P09 Olímpic 433121 4582259 C20 Good Oligotrophic Very low None
PL35 Somorrostro 432903 4581881 C20 Moderate Mesotrophic Low Urban
P10 Barcelona 431859 4581418 C36 Moderate Mesotrophic Low Urban
R36 Far del Llobregat 429288 4575509 C36 Bad Eutrophic Low Urban
PL82 Carabiners 426805 4572071 C21 Poor Mesotrophic Medium Mixed
PL37 El Prat de Llobregat 424631 4570835 C22 Moderate Mesotrophic Low Urban
PL38 Viladecans 421901 4569880 C22 Poor Mesotrophic Low Urban
PL39 Gavà 420019 4569400 C22 Poor Mesotrophic Very low Urban
PL40 Castelldefels 413343 4568791 C22 Moderate Mesotrophic Very low Urban
R17 Punta dels Corrals 408631 4567860 C23 Moderate Mesotrophic Very low Urban
PL77 Garraf 408325 4567751 C23 Moderate Mesotrophic Very low Urban
R05 Vallcarca 405219 4566006 C23 Moderate Mesotrophic Very low Urban
PL41 La Ribera 400185 4565668 C23 Good Oligotrophic Very low None
P11 Vilanova i la Geltrú 394122 4563642 C24 Moderate Mesotrophic Medium Mixed
PL42 Ribes-roges 393187 4563273 C24 Good Oligotrophic Very low None
R23
Punta de Santa 
Llúcia
391846 4562899 C24 High Oligotrophic Medium Fluvial
PL43
La Mota de Sant 
Pere
387708 4561572 C25 High Oligotrophic Low None
PL66 La Tèrmica 387483 4561586 C25 Good Oligotrophic Very low None
PL44 L'Estany Mas-Mel 381753 4560795 C25 High Oligotrophic Medium Fluvial
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PL45 Coma-ruga 375860 4559834 C25 High Oligotrophic Low None
PL46 El Barri Marítim 366932 4556113 C25 High Oligotrophic Very low None
P12 Torredembarra 365810 4555101 C25 High Oligotrophic Low None
PL47 Tamarit 362917 4554771 C26 High Oligotrophic Low None
R18 Punta de la Móra 361077 4554172 C26 Good Oligotrophic Very low None
PL48 Llarga 357712 4554622 C26 High Oligotrophic Low None
PL49 El Miracle 354178 4553070 C27 High Oligotrophic Medium Fluvial
P13 Tarragona 352361 4552288 C37 Moderate Mesotrophic High Mixed
PL50 Riu-clar 350486 4551830 C37 Bad Eutrophic High Mixed
PL51 La Pineda 347651 4549379 C27 Good Oligotrophic Low None
R06 Cap de Salou 345862 4546778 C28 Good Oligotrophic Very low None
PL52 Llevant 343904 4548704 C29 High Oligotrophic Medium Fluvial
PL86
Ponent (Barranc de 
Barenys)
342154 4548903 C29 Poor Mesotrophic Low Urban
PL53 El Prat d'en Forés 337855 4548065 C30 High Oligotrophic Very low None
P14 Cambrils 336992 4547874 C30 Moderate Mesotrophic High Mixed
PL97 Riera d'Alforja 336631 4547822 C30 High Oligotrophic Low None
PL87 Punta Pixerota 332301 4545676 C30 High Oligotrophic Low None
R19 Cala de les Sirenes (R) 327570 4542328 C31 High Oligotrophic Medium Fluvial
PL71 Cala de les Sirenes 327516 4542324 C31 High Oligotrophic Low None
PL54 L'Arenal (Vandellós) 324751 4539655 C31 High Oligotrophic Low None
PL88 L'Almadrava 319769 4534385 C31 Good Oligotrophic Very low None
R20
Platja del Torrent 
del Pi
316742 4530109 C32 High Oligotrophic Very low None
PL55 L'Alguer 315215 4528460 C32 Good Oligotrophic Very low None
P15 L'Ametlla de Mar 315029 4528225 C32 High Oligotrophic High Fluvial
R21 Ribes Altes 314569 4527669 C32 High Oligotrophic Very low None
R07 Cap de l'Àliga 311466 4524329 C32 High Oligotrophic Low None
R22 Platja de Cavaller 309820 4522943 C32 High Oligotrophic Very low None
P16 L'Ampolla 307100 4520511 T01 High Oligotrophic Very high Fluvial
PL79 La Marquesa 313899 4515345 C33 High Oligotrophic High Fluvial
PL57 Riumar 317114 4511483 C33 Good Oligotrophic Very high Fluvial
PL89
Desembocadura 
de la platjola
313561 4503166 C34 Moderate Mesotrophic Very high Mixed
PL58 L'Eucaliptus 312828 4502799 C34 High Oligotrophic High Fluvial
PL59 El Trabucador 307465 4497555 C34 High Oligotrophic Medium Fluvial
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P18 Les Cases d'Alcanar 291061 4492205 C35 High Oligotrophic Very high Fluvial
PL72 Marjal 290482 4491469 C35 High Oligotrophic Very high Fluvial
PL56 L'Arenal (L'Ampolla) 306140 4519110 T01 High Oligotrophic Very high Fluvial
PL78
Interior de la 
Marquesa Vivers 
(Deltebre)
313012 4516063 T01 Moderate Mesotrophic Very high Mixed
PL91 Illa de Mar 309540 4515410 T01 Moderate Mesotrophic Very high Mixed
PL60 L'Aluet 307322 4497670 T03 High Oligotrophic High Fluvial
PL80
Centre d'Aqüicul-
tura
302123 4500162 T03 Moderate Mesotrophic Very high Mixed
PL67
Edar de Sant Carles 
de la Ràpita
299014 4499734 T03 Bad Eutrophic High Mixed
P17
Sant Carles de la 
Ràpita
296801 4499283 T03 High Oligotrophic Very high Fluvial
PL61 El Parc de Garbí 296560 4498872 T03 High Oligotrophic High Fluvial
MB03 Cadaqués (B) 524097 4679946 C05 High Oligotrophic Very low None
MB05
Badia de Roses 
sud (B)
510500 4666937 C08 High Oligotrophic Medium Fluvial
MC05
Badia de Roses 
sud (C)
510009 4667286 C08 High Oligotrophic Medium Fluvial
MB08 Palamós (B) 514832 4633738 C14 High Oligotrophic Very low None
MC08 Palamós (C) 514720 4634269 C14 High Oligotrophic Very low None
MB11 Blanes (B) 484734 4613144 C14 High Oligotrophic Very low None
MC11 Blanes (C) 484608 4614027 C14 High Oligotrophic Very low None
MB13 Arenys de Mar (B) 464497 4602478 C16 High Oligotrophic Very low None
MC13 Arenys de Mar (C) 464357 4602998 C16 High Oligotrophic Very low None
MB15 El Masnou (B) 444056 4591381 C17 High Oligotrophic Very low None
MC15 El Masnou (C) 443811 4591810 C17 High Oligotrophic Very low None
MB21 Vallcarca (B) 406287 4565651 C23 Good Oligotrophic Very low None
MC21 Vallcarca (C) 406097 4566131 C23 Poor Mesotrophic Very low None
MB26
Badia de Tarragona 
(B)
348364 4548303 C27 Moderate Mesotrophic Low Urban
MC26
Badia de Tarragona 
(C)
347973 4548752 C27 Bad Eutrophic Low Urban
MB29
L'Ametlla de Mar 
(B)
317161 4529081 C32 High Oligotrophic Very low None
MC29
L'Ametlla de Mar 
(C)
316888 4529276 C32 High Oligotrophic Very low None
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MB32 Trabucador (B) 307769 4496512 C34 High Oligotrophic High Fluvial
MC32 Trabucador (C) 307431 4496901 C34 High Oligotrophic Very high Fluvial
MM01
Cap Ras-Garbet 
(DMA)
514470 4693885 C01 High Oligotrophic Medium Fluvial
MM02
Badia de Port de la 
Selva (DMA)
516135 4688165 C02 High Oligotrophic Low None
MM03
Cap de Creus En-
calladora (DMA)
526124 4686227 C03 High Oligotrophic Low None
MM04
Mig Badia 
Cadaqués (DMA)
523535 4681175 C04 High Oligotrophic Low None
MM05
Nord Cap Norfeu 
(DMA)
522900 4677280 C05 High Oligotrophic Low None
MM06
Canyelles Pe-
tites-Almadrava 
(DMA)
516110 4676000 C06 High Oligotrophic Low None
MM07
Port d'Empuriabra-
va (DMA)
512170 4677075 C07 High Oligotrophic Low None
MM08
Platja de Sant Pere 
Pescador (DMA)
510395 4668610 C08 High Oligotrophic Medium Fluvial
MM09
Riells Mar Endins 
(DMA)
512045 4664580 C09 High Oligotrophic Low None
MM10 Montgrí (DMA) 518680 4657705 C10 High Oligotrophic Low None
MM11
Ter-Ter Vell (Griells) 
(DMA)
517200 4653440 C11 High Oligotrophic Medium Fluvial
MM12 Gran de Pals (DMA) 517925 4649000 C12 High Oligotrophic Medium Fluvial
MM14
Illes Formigues 
(DMA)
514600 4633830 C14 High Oligotrophic Low None
MM15
Malgrat de Mar 
(DMA)
479615 4609515 C15 High Oligotrophic Very low None
MM16
Arenys de Mar 
(DMA)
462450 4601880 C16 High Oligotrophic Very low None
MM17 Premià de Mar (DMA) 446115 4592100 C17 Good Oligotrophic Very low None
MM18 Badalona (DMA) 439510 4589435 C18 Good Oligotrophic Very low None
MM19 Besòs (DMA) 436890 4585475 C19 Bad Eutrophic Medium Mixed
MM20
Barcelona Port 
Olímpic (DMA)
433555 4581070 C20 Good Oligotrophic Very low None
MM21 Llobregat (DMA) 428370 4571385 C21 Bad Eutrophic Medium Mixed
MM22 Gavà (DMA) 418750 4568080 C22 Good Oligotrophic Very low None
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MM23 Vallcarca (DMA) 404725 4564780 C23 High Oligotrophic Very low None
MM24
El Far de Vilanova i 
la Geltrú (DMA)
394700 4562570 C24 High Oligotrophic Very low None
MM25 Coma-ruga (DMA) 376590 4558970 C25 High Oligotrophic Very low None
MM26 Platja Llarga (DMA) 358700 4553685 C26 High Oligotrophic Very low None
MM27
Platja dels Prats 
(DMA)
349035 4549635 C27 Bad Eutrophic Medium Mixed
MM28
Cap de Salou 
(DMA)
347100 4545920 C28 High Oligotrophic Very low None
MM29
Platja de Ponent 
de Salou (DMA)
342635 4547955 C29 Good Oligotrophic Very low None
MM30
Riera de Riude-
canyes (DMA)
334595 4545890 C30 High Oligotrophic Very low None
MM31
Platja del Torn 
(DMA)
324190 4537780 C31 High Oligotrophic Very low None
MM32
Cap de Santes 
Creus (DMA)
314531 4525679 C32 High Oligotrophic Medium Fluvial
MM33 Delta Nord (DMA) 316370 4513705 C33 High Oligotrophic Very high Fluvial
MM34 Delta Sud (DMA) 309245 4498460 C34 High Oligotrophic High Fluvial
MM35
Les Cases d'Alcanar 
(DMA)
291815 4491550 C35 High Oligotrophic Very high Fluvial
T01
Badia del Fangar 
(DMA)
310226 4516790 T01 High Oligotrophic Very high Fluvial
T03
Badia dels Alfacs 
(DMA)
301825 4498585 T03 High Oligotrophic Very high Fluvial
M01 Colera 514859 4694288 C01 High Oligotrophic Medium Fluvial
M02 Port de la Selva 521964 4688755 C03 High Oligotrophic Low None
M03 Cadaqués 525017 4679512 C05 High Oligotrophic Low None
M04
Badia de Roses 
nord
513245 4677382 C07 High Oligotrophic Medium Fluvial
M05 Badia de Roses sud 511016 4666522 C08 High Oligotrophic Medium Fluvial
M06 Montgrí 519306 4656516 C10 High Oligotrophic Medium Fluvial
M07 Begur 520861 4643782 C14 High Oligotrophic Medium Fluvial
M08 Palamós 514758 4633219 C14 High Oligotrophic Low None
M09
Sant Feliu de 
Guixols
505955 4625434 C14 High Oligotrophic Low None
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M10 Tossa de Mar 495840 4617599 C14 High Oligotrophic Low None
M11 Blanes 484736 4612495 C14 High Oligotrophic Low None
M12 Pineda de Mar 476001 4606200 C15 High Oligotrophic Low None
M13 Arenys de Mar 464563 4601833 C16 High Oligotrophic Very low None
M14 Mataró 454105 4596341 C16 High Oligotrophic Low None
M15 El Masnou 444326 4590858 C17 Good Oligotrophic Very low None
M16
Sant Adrià de 
Besòs
437319 4585364 C19 Good Oligotrophic Very low None
M17 Barcelona 433078 4578617 C20 Moderate Mesotrophic Very low Urban
M18
El Prat de Llobre-
gat
427048 4570540 C21 Bad Eutrophic Low Urban
M19 Viladecans 421811 4568212 C22 Bad Eutrophic Very low Urban
M20 Castelldefels 414816 4567088 C22 Poor Mesotrophic Very low Urban
M21 Vallcarca 406410 4565094 C23 Good Oligotrophic Very low None
M22 Vilanova i la Geltrú 393788 4561812 C24 Moderate Mesotrophic Very low Urban
M23 Calafell 382564 4559331 C25 Moderate Mesotrophic Very low Urban
M24 Creixell 371329 4556621 C25 Good Oligotrophic Very low None
M25 Tarragona nord 360060 4552694 C26 Good Oligotrophic Very low None
M26 Badia de Tarragona 348759 4547797 C27 Poor Mesotrophic Low Urban
M27 Cambrils 337514 4546187 C30 Good Oligotrophic Low None
M28
Vandellós i l'Hospi-
talet de l'Infant
327535 4539009 C31 Good Oligotrophic Low None
M29 L'Ametlla de Mar 317458 4528699 C32 High Oligotrophic Low None
M30 Fangar 314367 4517544 C33 Good Oligotrophic Medium Fluvial
M31
Sant Jaume 
d'Enveja
318634 4504046 C34 High Oligotrophic High Fluvial
M32 Trabucador 308183 4496038 C34 High Oligotrophic High Fluvial
M34 Punta de la Banya 296771 4491650 C35 High Oligotrophic High Fluvial
M35 Les Cases d'Alcanar 291073 4489956 C35 High Oligotrophic Very high Fluvial
M33 Badia dels Alfacs 305433 4498825 T03 High Oligotrophic Very high Fluvial
L01 Enfora Llançà 519203 4694299 C01 High Mesotrophic Very low Urban
L02
Enfora Cap de 
Creus
531573 4688792 C03 High Oligotrophic Low None
L03 Enfora Cap Norfeu 527513 4673969 C05 Good Oligotrophic Very low None
L04
Enfora Badia de 
Roses
515140 4670231 C08 High Oligotrophic Medium Fluvial
246
Chapter 4
Station 
code
Station name
Station 
uTM X
Station 
uTM Y
Water 
body code
Water quality Trophic state Fluviality
Contiental 
influences
L05 Enfora Montgrí 522051 4660996 C10 High Oligotrophic Very high Fluvial
L06
Enfora Badia del 
Ter
523466 4649897 C12 High Oligotrophic Medium Fluvial
L07 Enfora Palafrugell 523502 4638794 C14 Good Oligotrophic Medium Fluvial
L08 Enfora Palamós 517996 4629525 C14 High Oligotrophic Low None
L09
Enfora Sant Feliu 
de Guixols
509698 4623032 C14 High Oligotrophic Medium Fluvial
L10
Enfora Tossa de 
Mar
501386 4617475 C14 High Oligotrophic Low None
L11
Enfora Lloret de 
Mar
494448 4611555 C14 High Oligotrophic Medium Fluvial
L12 Enfora Blanes 486113 4607311 C15 High Oligotrophic Low None
L13
Enfora Malgrat de 
Mar
479160 4603627 C15 Good Oligotrophic Low None
L14
Enfora Arenys de 
Mar
466630 4598122 C16 High Oligotrophic Low None
L15 Enfora Mataró 456864 4592623 C16 High Oligotrophic Very low None
L16 Enfora El Masnou 448479 4587589 C17 Good Oligotrophic Very low None
L17
Enfora Sant Adrià 
de Besòs
441483 4583479 C18 Good Oligotrophic Very low None
L18 Enfora Barcelona 435844 4576124 C20 High Oligotrophic Very low None
L19
Enfora El Prat de 
Llobregat
430177 4566924 C21 High Oligotrophic Very low None
L20 Enfora Gavà 421758 4563309 C22 Good Oligotrophic Very low None
L21 Enfora Port Ginesta 410558 4561587 C23 Poor Mesotrophic Very low Urban
L22 Enfora Sitges 400735 4558753 C23 Good Oligotrophic Very low None
L23 Enfora Calafell 395734 4556722 C24 High Oligotrophic Very low None
L24 Enfora El Vendrell 381089 4554605 C25 Good Oligotrophic Low None
L25
Enfora Torredem-
barra
371239 4551502 C25 High Oligotrophic Low None
L26
Enfora Tarragona 
nord
359977 4548315 C26 High Oligotrophic Very low None
L27 Enfora Vila-seca 350046 4542218 C28 High Oligotrophic Low None
L28 Enfora Cambrils 338814 4541530 C30 High Oligotrophic Low None
L29
Enfora Vandellós 
i l'Hospitalet de 
l'Infant
328842 4534906 C31 High Oligotrophic Low None
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L30
Enfora L'Ametlla 
de Mar
317284 4521668 C33 High Oligotrophic Medium Fluvial
L31 Enfora L'Ampolla 325565 4514988 C33 High Oligotrophic Low None
L32
Enfora Sant Jaume 
d'Enveja
323747 4504094 C33 High Oligotrophic High Fluvial
L33
Enfora Sant Carles 
de la Ràpita
313847 4496759 C34 High Oligotrophic High Fluvial
L34
Enfora Punta de la 
Banya
306560 4487872 C34 High Oligotrophic Medium Fluvial
L35
Enfora Les Cases 
d'Alcanar
295232 4487063 C35 Bad Eutrophic Very high Mixed
L36 Enfora Cap Tortosa 323839 4515487 C33 High Oligotrophic High Fluvial
3. Historical stations of the Catalan coast
APPeNDiX 3  ·  Historical stations of the Catalan coast (code, name, and WB code and name 
where they belong).
Station code Station name Water body code Water body name
PL03 Gran de Cadaqués C04 Badia de Cadaqués
PL05 La Muga C07 Roses-Castelló d'Empúries
PL07 La Gola (Sant Pere Pescador) C08 Sant Pere Pescador-Fluvià
PL15 Platja d'Aro C14 Begur-Blanes
PL21 Punta de la Tordera C15 Blanes-Pineda de Mar
PL29 Ocata C17 Mataró-Montgat
PL33 Nord-est Besòs C19 Sant Adrià de Besòs-Barceloneta
PL34 La Mar Bella C19 Sant Adrià de Besòs-Barceloneta
PL35 Somorrostro C20 Barceloneta-Zona II Port de Barcelona
PL40 Castelldefels C22 El Prat de Llobregat-Castelldefels
PL41 La Ribera C23 Sitges
PL46 El Barri Marítim C25 Cubelles-Altafulla
PL48 Llarga C26 Tarragona Nord
PL51 La Pineda C27 Tarragona-Vilaseca
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PL52 Llevant C29 Salou-Cambrils
PL54 L'Arenal (Vandellós) C31 Vandellós i L'Hospitalet de l'Infant
PL55 L'Alguer C32 L'Ametlla de Mar
PL56 L'Arenal (L'Ampolla) T01 Badia Fangar
PL57 Riumar C33 Delta nord
PL61 El Parc de Garbí T03 Badia Alfacs
Physicochemical state
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ABSTRACT
The DPSIR (drivers-pressures-state-impact-responses) framework is used to analyse the causal rela-
tionships between environmental and human systems. Within this framework, the assessment of 
pressures is essential to establish pressure-impact relationships and thus to gain insights into the un-
derlying processes. This information can be used to develop measures aimed at remediating the envi-
ronmental damage caused by human activities. In marine environments, coastal waters are the most 
strongly affected by human activities and thus by anthropogenic pressures. On land, human activities 
result in the production of an excess of nutrients that reach coastal waters, where this excess is able 
to drive the eutrophication process. Here we present the Land Uses Simplified Index (LUSI), a new and 
easy-to-use tool to assess continental pressures on coastal waters. LUSI serves as a proxy enabling 
the indirect assessment of continental nutrient loads and concentrations and therefore estimates the 
eutrophication risk of coastal waters. It is based on systematic information describing both the land 
uses that influence coastal waters (urban, industrial, agricultural and riverine) and the coastline mor-
phology. The latter reflects the degree of confinement of coastal waters and therefore the likelihood 
that continental nutrient-rich freshwater inflows will be diluted. For a given coastal area, pressure in-
formation is classified into categories and assigned a score. The scores are then summed and the re-
sult modified through a correction factor related to coastline morphology. A low LUSI value indicates 
coastal waters not or only slightly influenced by continental pressures, and a high LUSI value coastal 
waters strongly influenced by continental pressures. To further highlight the usefulness of LUSI a case 
study from the Catalan coast (NW Mediterranean) is presented. Its aims were as follows: 1) to assess 
continental pressures on coastal waters using LUSI; 2) to compare LUSI and dissolved inorganic nu-
trient concentrations measured in coastal waters in order to validate LUSI as a method to assess con-
tinental pressures on coastal waters and 3) to establish a pressure-impact relationship between LUSI 
and chlorophyll-a concentrations as a proxy of biomass for Biological Quality Element phytoplankton, 
as mandated by the Water Framework Directive. In addition, two land cover maps differing in their 
spatial coverage (European and national) were used to demonstrate that land cover map selection 
does not significantly influence the results of LUSI. Finally, the strengths of LUSI, including its simplicity; 
direct and indirect applicability, especially in environmental law under the DPSIR framework; and the 
complexity of the ensuing pressure-impact relationships are pointed out.
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1. INTRODUCTION
The DPSIR (drivers-pressures-state-impact-responses) framework is used to analyse the causal rela-
tionships between environmental and human systems (Organisation for Economic Co-operation and 
Development, 1993). The effective use of this framework requires the accurate evaluation of each of 
its elements. This is especially the case for pressures, whether natural or anthropogenic, which must 
be assessed to establish pressure-impact relationships. The resulting information provides insights 
into the ongoing processes as well as their possible interactions. In case of anthropogenic pressures, 
this knowledge guides the development of effective and accurate measures, usually implemented 
through management plans, to alleviate or remediate the environmental damage caused by human 
activities. Indeed, several policies based on the DPSIR framework have been enacted throughout the 
world, such as the Clean Water Act (United States Congress, 1972), The Water Act 2007 (Australia Office 
of Parliamentary Counsel, 2007), the Water Framework Directive (European Commission, 2000) and 
the Marine Strategy Framework Directive(European Commission, 2008).
In marine ecosystems, coastal areas are of major environmental, economic and social importance. 
They are among the most biodiverse and biologically productive ecosystems on Earth, with the net 
primary production of phytoplankton estimated to be 50 Pg C y−1 (Malone, 2016). Coastal areas also 
provide other important ecological functions, including filtering terrestrial inflows, preventing erosion 
and offering food and shelter, for a wide variety of organisms (Creel, 2003). For humans, they are the 
“golden areas” of marine socioeconomic development (Zhang, 2012), sustaining major activities re-
lated to agriculture, fisheries, industry, urbanisation, transport and tourism (Cole and McGlade, 1998; 
Creel, 2003; Lopez y Royo et al., 2009; San Vicente, 1999; Springer et al., 1996). Coastal areas comprise 
20% of the Earth’s surface yet contain over 45% of the entire human population (Schäfer et al., 2010). 
Population in the low-elevation coastal zone (below 10 m of elevation) was 625.2 million people in 
year 2000 and it is expected to be 938.9 million people in year 2030 and 1,318.3 million people in year 
2060 (Neumann et al., 2015). Therefore, coastal areas are one of the marine environments most affect-
ed by anthropogenic pressure, in the form of high population densities and intense human activities 
(Lopez y Royo et al., 2009).The latter produce an excess of nutrients that are delivered to coastal waters 
via several routes, such as rivers, run-off and submarine groundwater discharges. Moreover, human 
activities modify water flows, such as by the construction of dams, increased water extraction, and 
the deviation of rivers, resulting in profoundly altered nutrient loads and concentrations (Scialabba, 
1998) arriving at coastal waters. Consequently, the risk of eutrophication is higher in coastal waters 
compared to other marine ecosystems.
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Coastal pressures, and in particular anthropogenic ones such as cultural eutrophication, have been 
broadly assessed but they are not easy to quantify and proof of their impact is hard to obtain. Dif-
ferent methodologies have been proposed, but most are complex or require large amounts of data. 
Quantitative assessment methods are typically based on readily measurable variables, such as waste-
water discharges or human population size (Bonamano et al., 2016; Cai et al., 2016). Semi-quantitative 
methods have also been proposed, including by Aubry and Elliott (2006), Lopez y Royo et al. (2009), 
European Commission (2011a), Neto and Juanes (2014) and Batista et al. (2014). Other authors, such as 
Borja et al. (2011), Andrulewicz and Witek (2002), and Weisberg et al. (2008) have advocated pressure 
assessment based on expert judgement. Some of these methods infer coastal pressures by evaluating 
land use from land cover maps (Comeleo et al., 1996; Giupponi and Vladimirova, 2006; Jordan et al., 
1997; Lopez y Royo et al., 2010; Lopez y Royo et al., 2009; Nedwell et al., 2002; Rodriguez et al., 2007; 
Tran et al., 2010; Xian et al., 2007) or from satellite images (Barale and Folving, 1996; Lopez y Royo and 
Casazza, 2007; Stefanov et al., 2001; Xiao and Weng, 2007). In fact, (Aighewi et al., 2013) proposed 
incorporating land use and land cover information into pressure models to obtain a more holistic 
assessment of coastal pressures.
Here we present the Land Uses Simplified Index (LUSI), a new and easy-to-use tool to assess continen-
tal pressures on coastal waters. LUSI serves as a proxy enabling the indirect assessment of continental 
nutrient loads and concentrations and therefore of the eutrophication risk at coastal waters. It is based 
on systematic information describing both the anthropogenic land uses that influence coastal waters 
(urban, industrial, agricultural, and riverine) and coastline morphology. The latter determines the de-
gree of coastal waters confinement and therefore the likelihood that continental freshwater inflows 
and the nutrients they contain will be diluted.
Our description of LUSI includes its rationale, methodological requirements and protocol. We also 
present the results of a case study from the Catalan coast (NW Mediterranean), carried out with the 
following three aims: 1) to assess continental pressures on coastal waters using LUSI; 2) to validate LUSI 
with respect to dissolved inorganic nutrients (DINut) and 3) to establish a pressure-impact relationship 
based on LUSI and chlorophyll-a (Chl-a) that can be used for compliance with the WFD. In addition, 
two land cover maps with different spatial coverages, Europe-wide and national, were used to de-
termine whether land cover map selection influences the results of LUSI. Finally, the strengths and 
shortcomings of LUSI, the simplicity and accuracy of methodologies to assess continental pressures 
and the applicability of LUSI, including the complexity of pressure-impact relationships, are discussed.
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2. LAND USES SIMPLIFIED INDEX (LUSI)
2.1. Rationale
Ketchum (1972) defined the coastal area as the band of dry land and adjacent ocean space (water and 
submerged land) in which terrestrial processes and land uses directly affect oceanic processes and uses, and 
vice versa. LUSI is grounded in this definition and its rationale is based on the following assumptions:
I. Eutrophication, driven by nutrients, is the main process related to the continental pres-
sures affecting coastal waters.
II. Coastal waters receive nutrients mainly from continental freshwater inflows.
TABLe 1  ·  Constituents of storm waters from areas differing in their predominant land use. 
Concentrations (C) are given in mg/L and loads (L) in kg/ha/year. BOD5, biological oxygen 
demand; TSS, total suspended solids; NH4; TKN, total Kjeldahl nitrogen; TN, total nitrogen; PO4; TP, 
total phosphorus. Modified from Kadlec and Wallace (2009).
Land use
Urban
C                 L
Industrial
C                    L
Residential/
commercial
C                    L
Agricultural
C                   L
Natural
C                    L
Co
ns
tit
ue
nt
BOD5
    20
(7–56) 90
  9.6 34–98
  3.6–20      31.59–    
                    135.2
    3.8 11.59
    1.45 1.12-       
                    2.351
TSS
150 (20–
  2890) 360
 93.9               672–  
                      954.5
18–140       84.28–
                      797
    55.3 24.14
    11.1 11.2-        
                    18.73
NH4   0.582  —     —  —     —  —
  0.33–
  0.48    —
    —  —
TKN
1.4 (0.57–
    4.2)  —
    —  —     —  —
  2.16–
  2.27    —
    —  —
TN
      2
(0.7–20) 11.2
  1.79             7.8–        
                     18.06
  1.1–           9.144–
  2.8 32.18
   2.32 10.61
   1.25 0.22-   
                    2.804
PO4    0.12  —    0.13 1.321
  0.05–          0.568-
  0.40  3.302
   0.13–
   0.227 0.942
   0.004 0.008
TP
     0.36
(0.02–4.3) 3.4
   0.31           2.2–            
                     3.151
  0.14–          1.412-
   0.51    4.85
   0.344 1.362
    0.53 0.04-
                    0.120
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III. Coastal land uses determine nutrient loads and the concentrations of continental fresh-
water inflows. These inflows form a gradient that ranges from freshwaters with the minimum nutri-
ent values, such as those within areas where anthropogenic activities are minimal, to the maximum 
values generated in areas where intense anthropogenic activities pose a high risk of inducing eu-
trophication (Table 1). Based on this gradient, freshwater inflows that reach coastal waters can be 
classified by its source as: i) natural and non-irrigated (rain-watered) agriculture, ii) irrigated agriculture, 
iii) industrial and iv) urban.
IV. Coastal waters with riverine (including groundwater) inflows are influenced by the sum 
of watershed land uses. Riverine pressure can be assessed using the mean coastal water salinity as 
an inverse measure of freshwater content. A lower salinity implies the arrival of greater freshwater in-
puts from the continent and, accordingly, higher nutrient loads into coastal waters, and thus a higher 
pressure. Maximum salinity occurs in the complete absence of freshwater inflows. For purposes of 
simplicity, a standard nutrient concentration for freshwater inflows is assumed in LUSI.
V. Coastline morphology can modify continental pressures on coastal waters. It determines 
the degree of confinement of coastal waters and therefore the likelihood that continental freshwater 
inflows and the nutrients they contain will be diluted. In concave areas, such as bays, water is confined, 
residence times are long and water circulation is reduced. Consequently, continental freshwater in-
flows are diluted at a low rate, potentially leading to rising nutrient concentrations and an enhanced 
risk of eutrophication. By contrast, in convex areas, such as headlands, continental freshwater inflows 
are easily diluted and the risk of eutrophication is attenuated. Straight coastlines do not modify conti-
nental pressures reaching coastal waters.
2.2. Requirements
LUSI requires information on the anthropogenic land uses that influence coastal waters and on coast-
line morphology. The pressures taken into account by LUSI include agricultural (irrigated land only), 
industrial and urban land uses as well as riverine effects. Information on land uses and coastline mor-
phology is available from different sources. For a preliminary assessment, pressures can be determined 
by expert visual judgement from a point of high elevation on land allowing good visibility of the 
coastal zone. More detailed information can be obtained from governmental sources, such as census 
data, satellite maps, including those from Landsat as well as Google Earth, airplane survey images or 
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a combination thereof Lautenbach et al. (2011). However, land cover maps are the most useful for the 
calculation of LUSI, as they provide information on land use, the area occupied by the various types 
of land use, and the morphology of the coastline. There are several publicly available land cover maps 
with different degrees of coverage (continent, country, and region). Their appropriateness with re-
spect to LUSI depends on the area of interest or whether distinct areas will be compared. For example, 
for Catalonia, in the NW Mediterranean, three maps are available: the Coordination of Information of 
the Environment land cover map [CORINE land cover map or CLCM; European Enviromental Agency 
(2012)], which covers Europe, the Sistema de Información sobre Ocupación del Suelo de España [SI-
OSE; Instituto Geográfico Nacional (2011)], which covers Spain, and the Mapa de Cobertes del Sòl de 
Catalunya [MCSC; Centre de Recerca Ecològica i Aplicacions Forestals (2009)], which covers Catalonia. 
To determine riverine influences, the mean salinity value of the coastal water area of interest must 
be obtained. A truly representative value implies the need for a raw dataset acquired by a sampling 
frequency sufficient to capture the variability in the salinity. Such information is sometimes available 
from water management or environmental agencies. Ideally, for the calculation of LUSI, the land cover 
map and salinity dataset should cover the same time period.
2.3. Protocol
To calculate LUSI for a coastal water area, its quantitative information on pressures is classified into 
categories and assigned a score; then, all the scores are summed and multiplied by a correction factor 
related to coast line morphology (Box 1). The result is a LUSI value that provides a semi-quantitative 
assessment of continental pressures on coastal waters of the studied area. LUSI values have no units 
and range from 0.75 to 8.75. A low LUSI value indicates that the coastal water area is not or only slightly 
influenced by continental pressures and a high LUSI value that continental pressures strongly influ-
ence coastal waters.
BOX 1  ·  Protocol to calculate the LUSI.
LUSI method
263
I. Three pressure categories and scores are assigned regarding urban, agricultural 
(irrigated land) and industrial pressures. The assignment depends on the percentage of 
land coverage (%LC) accounted for by the respective activities in the continental area 
of study, which by definition extends from the coastline to 1.5 km inland. The %LC is 
calculated using GIS software and a land cover map. Urban and agricultural pressures 
are divided into three categories and industrial pressure into two, and each category is 
associated with a score (Table 2).
II. One pressure category and its score are assigned to describe riverine pressure. This 
pressure is divided into three categories, with the assignment depending on the mean 
salinity of the studied coastal water area. Each category is also associated with a score, 
ranging from 0 to the maximum salinity occurring in the complete absence of riverine 
inputs, which for the Catalan Coast is 38.4 (Table 2).
III. The four pressure scores are summed. The resulting value summarises the continental 
pressures reaching the studied coastal waters.
IV. The summed scores are multiplied by a coastline correction factor to obtain the LUSI 
value. This factor is used to consider the effect of coastline morphology on continental 
pressures and is based on the shape of the coastline of the study area. For a concave 
coastline, where the confinement of coastal waters enhance continental pressures, 
the correction factor is 1.25; for a convex coastline, where continental pressures are 
diminished by the high dilution rates of freshwater inflows, the correction factor is 0.75; 
for a straight coastline, continental pressures are unchanged and the correction factor 
is 1.00 (Table 3). 
Thus, LUSI is calculated following Eq. 1: 
LUSI= (score urban + score agricultural + score industrial +
score riverine) x coastline correction factor
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3. CASE STUDY: CATALAN COAST
    (NW MEDITERRANEAN)
3.1. Material and methods
3.1.1. Study area
The Catalan coast (Figure 1) is located between 3° 19’ 59,94” E and 42° 29’ 0,09” N and between 0° 9’ 41.69” E and 
40° 31’ 27.56”N. It occupies 7257.50 km2 (Agència Catalana de l’Aigua, 2005b) and delimits the Mediterranean 
Sea over 870.0 km (Institut d’Estadística de Catalunya, 2010). The geography, demographics and socioeco-
nomic development of the Catalan coast are representative of the NW Mediterranean coast (Chapter 1).
The continental topography ranges from rocky and steep headlands to sandy and flat bays. There 
TABLe 2  ·  Pressures categories scores used to calculate LUSI. Urban, agricultural (irrigated land) 
and industrial pressures are classified based on the percentage of land coverage (%LC) used for 
the respective activities, and riverine pressure based on the mean salinity of the coastal water.
Urban (%LC) Agricultural (irrigated) (%LC) Industrial (%LC) Riverine (mean salinity) Pressure score
≤10% ≤10% ≥ 37.5 0
≤33% 10–40% >10% 34.5–37.5 1
33 - 66% >40% <34.5 2
>66% 3
TABLe 3  ·  Coastline morphology and coastline correction factor used in the LUSI calculation.
Coastline morphology Coastline correction factor
Concave 1.25
Convex 0.75
Straight 1.00
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are also deltaic areas, the most important of which is the Ebre delta (Serra and Canals, 1992). This 
landscape encompasses several watersheds, which consist of ephemeral streams, nine medium to 
small rivers and the Ebre River in the south, all of which open directly into the Mediterranean Sea. 
The Ebre River drains a watershed of 84,230 km², with a mean water discharge at the river’s mouth of 
416 m³/s (Ludwig et al., 2009). Other major rivers in the nation drain an area of 13,400 km² and have 
a mean water discharge of 0.3–16.3m³/s (Liquete et al., 2009). Land use differs along the river basins, 
with agriculture accounting for 0.4–49.2%, forests for 17.2–77.2% and urban areas for 5.5–81.7% (In-
stitut d’Estadística de Catalunya, 2015). Agricultural land use is relatively important in southern river 
basins and urbanisation in central river basins. In terms of surface area, 13.8% of the coastal zone is 
urbanised (Biblioteca del consorci el Far, 2010; Institut d’Estadística de Catalunya, 2015). Population in 
the coastal zone is 4,942,044 inhabitants, which represents 66% of the total population in Catalonia 
(Institut d’Estadística de Catalunya, 2016). However, the population density is highly variable along the 
coast: 33 inhabitants/km² in the Ebre basin (Ferré, 2007) and 15,319.6 habitants/km² in the Barcelona 
metropolitan area (Institut d’Estadística de Catalunya, 2016).
a
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The underwater topography is complex: the continental shelf is usually narrow [average = 15-20 km.; 
Maldonado (1995)] but wide along its border with the Ebre delta (maximum = 54.5 km.) and almost 
non-existent (minimum = 1.6 km.) in front of several canyons located along the coast (Platónov, 2002).
The general surface circulation is due to the Liguro-Provençal current, which moves from the NE to-
wards the SW and close to the shore local superficial currents move towards the NE or also to the SW 
Figure 1  ·  Maps of the Catalan coast showing the continental pressures related to LUSI and the 
LUSI values of the different water bodies (WBs) calculated using (a) the Mapa de Cobertes del Sòl 
de Catalunya (MCSC) and (b) the Coordination of Information of the Environment land cover map 
(CLCM). Urban land use is shown in red, industrial land use in brown and agricultural (irrigated) 
land use in orange. Rivers are shown in blue and the coastline in black. WBs are also shown in 
blue, with the shade depending on the LUSI value (assigned based on direct integer values). 
Harbour WBs were not assessed and are indicated in grey, as is the bathymetry.
b
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(Agència Catalana de l’Aigua, 2005a). The tidal range is small and the sea weather, according to the 
Douglas scale (Harbord, 1897), is typically described as slight and occasionally as rough or very rough, 
especially during autumn (Agència Catalana de l’Aigua, 2005a).
Following the implementation of the WFD, the Catalan coast was divided into 36 water bodies (WBs), 
including the two bays situated north and south of the mouth of the Ebre River.
3.1.2. Data collection
Pressure and impact information, based on LUSI and the Chl-a concentration, together with DINut 
concentrations, were obtained using, respectively, public land cover maps (CLCM and MCSC) and data 
from the coastal physicochemical survey conducted by the Catalan Water Agency (ACA) in collabora-
tion with the Marine Science Institute (ICM-CSIC). As implementation of the WFD follows 6-year cycles, 
this study covers the period between 2007 and 2012.
Data on salinity (riverine pressure), Chl-a (impact) and DINut were collected from 80 sampling stations 
in Catalan coastal inshore waters (Flo, 2014). These stations are located between 0 and 200 m from the 
shore, depending on the water depth (<2 m depth), and are distributed along all WBs, with 1–7 stations 
per WB, depending on coastal length. The surface water at the stations was sampled 4 or 12 times a 
year, depending on the variability of the measurements, as previously established. Salinity was directly 
measured using the Practical Salinity Scale and a WTW probe (model 315). Total Chl-a was quantified in 
60-mL or 120 mL subsamples filtered through 25-mm Whatman GF/F glass-fibre filters that were stored 
frozen. The filters were subsequently extracted in 8 mL of 90% acetone for 48 h, and concentrations of 
Chl-a (µg/L) were measured with a Turner Designs fluorometer following the method of Yentsch and 
Menzel (1963). Dissolved inorganic nutrients were determined in 50-mL subsamples that had been 
frozen upon their arrival in the laboratory. Nitrate (NO3), nitrite (NO2), ammonium (NH4), phosphate 
(PO4), and silicate (SiO4) concentrations (µM) were determined using an autoanalyser (Evolution II, 
Alliance Instruments, and AA3 HR Bran+Luebbe, from Seal Analytical) and the colorimetric techniques 
of Grasshoff et al. (1983). 
CLCM and MCSC were selected to determine the three pressure types considered within LUSI regard-
ing land use [urban, agricultural (irrigated) and industrial] and to establish the coastal morphology of 
each WB. The most recently available versions of the maps were from 2006 (thus predating the study 
period) and 2009, respectively. The characteristics of the two maps are detailed in Table 4.
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3.1.3. Data processing and statistics
Information on salinity and Chl-a and DINut concentrations was obtained using data from the Catalan 
coastal physicochemical survey. During the study period, 3,562 samples were collected and each WB 
had between 23 and 300 samples, depending on its size. The mean salinity of each WB was calculated 
and a riverine pressure score assigned accordingly. The 90th percentile of both Chl-a and DINut were 
determined for each WB using six different methodologies [methodologies 4–9 from Hyndman and 
Fan (1996)]. This statistical parameter was chosen following WFD intercalibration process agreements 
for Chl-a. Since Chl-a and DINut are not normally distributed (as determined from histograms and 
Shapiro-Wilk tests), the obtained values were log-transformed following Eq. (2):
Map characteristic CLCM MCSC
Name CORINE (CoORdination of INformation of the Environment) Land Cover Map
Mapa de Cobertes del Sòl de Catalun-
ya (Land Cover Map of Catalonia)
Base name CLC2006 MCSC-4
Year 2006 2009
Coverage European Catalan
Provided by European Environmental Agency (EEA)
Centre de Recerca Ecològica i Aplica-
cions Forestals (CREAF)
Capture method
Photointerpretation of reference 
images captured by SPOT5 satellite 
in 2005
Photointerpretation of reference 
images captured by LANDSAT satellite 
from 1997 and 1998
Mapping scale 1:100,000 1:25,000
Minimum mapping unit 25 ha 2.5 m
Minimum width of linear 
elements 100 m 10 m
Legend 44 categories (level 3) 241 categories (level 5)
Permalink
http://www.eea.europa.eu/data-and-
maps/data/ds_resolveuid/953c0872-
2153-4faa-98d6-1c4ee457ae0d
http://www.creaf.uab.es/mcsc
TABLe 4  ·  Characteristics of the CLCM and MCSC.
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 v’=log10(v+1)                     (2)
as is commonly done for environmental data (Cassie, 1962; Heyman et al., 1984; Legendre and Legen-
dre, 1979; Zar, 1984). The mean and standard deviation of the DINut and Chl-a concentrations were 
calculated for each WB with their six log-transformed 90th percentiles.
Information on land use pressures was obtained from CLCM and MCSC. The 44 categories of the 
third-level legend of CLCM and the 241 categories of the fifth-level legend of MCSC were assigned 
either to the three land use pressure types considered within LUSI [urban, agricultural (irrigated), or 
industrial] or to the category “other” (Appendixes 1 and 2). The %LC related to these pressures was es-
tablished using Miramon software (Pons, 1994) for each map and WB, after which pressure scores were 
assigned accordingly. The low urban scores of two WBs located in the Barcelona Metropolitan Area 
(C21-Llobregat and C22-El Prat de Llobregat-Castelldefels) were later changed by expert judgement 
to the maximum urban score. This modification was performed because maps greatly underestimate 
urban score. For example, several areas of land inside the airport premises were classified as meadows 
and grasslands according with level 5 of the MCSC, but they should have been classified as airport. The 
same changes were made for CLCM and MCSC.
The continental pressures on coastal waters were assessed by calculating LUSI for each Catalan WB 
based on CLCM and MCSC, using the pressure scores previously assigned and taking into account the 
morphology of the coast.
To validate LUSI against DINut and to establish a pressure-impact relationship based on LUSI and Chl-a, 
first, the Spearman correlations (ρ values) between LUSI values, calculated with MCSC and CLCM, and 
the DINut and Chl-a concentrations (mean of the six transformed 90th percentiles) were determined to-
gether with the respective p-values. Second, linear models between LUSI values calculated with MCSC 
and CLCM, between LUSI and DINut concentrations, and between LUSI and Chl-a concentrations were 
adjusted, their p-values were calculated, their goodness of fit (R2) determined and their diagnostics 
checked. For models related to DINut and Chl-a: a) the means of the six transformed 90th percentiles 
of DINut and Chl-a were used to adjust the models, b) the standard deviations of the same variables 
were used to weight each model and c) for each model, the 90% confidence interval was calculated.
To test whether the choice of the land cover map affects the results of LUSI, the LUSI values calculated 
with MCSC and CLCM were compared using the Wilcoxon matched-pairs signed-rank test, as a first 
step. A second step was a comparison of the linear model between LUSI values, calculated with MCSC 
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and CLCM, and an identity regression, by means of analyses of covariance (ANCOVAs). A first analysis 
included the interaction of the independent variables to determine whether the slopes were signifi-
cantly different; in a second analysis the interaction was omitted to determine whether the intercepts 
were significantly different.
To test whether the choice of the land cover map affects the validation of LUSI against DINut or the 
establishment of a pressure-impact relationship based on LUSI and Chl-a, pairs of linear models were 
compared to determine their equivalence by means of ANCOVAs, as described above.
To establish a unique pressure-impact relationship between LUSI and Chl-a, three linear models were 
established that combined the effect of LUSI, the choice of land cover map and the interaction be-
tween them to evaluate their relationship with Chl-a. Statistically significant differences among these 
models were determined using an analysis of variance [ANOVA; Chambers (1992)] and their relative 
quality was compared using the Akaike information criterion [AIC; Sakamoto et al. (1986)].
The level of statistical significance for all performed tests was set at 0.01. Statistical tests were per-
formed using R (R Development Core Team, 2008) and STATISTICA software (StatSoft, 2003).
Linear models were plotted using R software. The maps were drawn using Miramon software. The colour 
shades for LUSI (blue) and the Chl-a concentration (green) were assigned based on direct integer values.
3.2. Results & discussion
3.2.1. Assessment of continental pressures on coastal waters using LUSI
Continental pressures on coastal waters were assessed for the Catalan coast (Figure 1; data are shown 
in Appendix 3) and the results showed that the entire Catalan coast is influenced by continental pres-
sures to some extent. The mean LUSI values calculated with MCSC and CLCM were similar, being 3.22 
and 3.51 respectively. The range was 0.75–6.25 and was the same for both land cover maps. Lower LUSI 
values were obtained in areas where the %LC of natural land use is high; for example, in WBs adjacent 
to the Cap de Creus marine and terrestrial natural park (0.75), located in northeast Catalonia. Coastal 
areas that receive important fluvial inflows, such as Ebre delta bays (6.25) or WBs receiving the waters 
of the Muga, Fluvià and Ter rivers (5 and 6.25), also located on the north-eastern Catalan coast, had 
higher LUSI values. While high LUSI values (4 and 5) were also determined for coastal zones with the 
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highest percentage of urban land coverage, primarily the Barcelona Metropolitan Area, in the centre of 
the Catalan coast, the values were not as high as those of areas influenced by the nation’s main rivers.
The LUSI results calculated with CMSC and CLCM were then compared. Theses land cover maps are 
based on different reference images (CLCM uses images captured by SPOT5 and MSCS those from 
LANDSAT), captured during different times: CLCM images were obtained in 2005 and those of MSCS in 
1997 and 1998. The two maps also differ in their legend levels (level 3 of CLCM has 44 categories and 
level 5 of MSCS 241 categories). Nonetheless, 95% of the Catalan WBs had similar LUSI values when 
calculated with MCSC and CLCM (1.25 was the maximum difference); among them, 67% of the WBs 
had the same LUSI values. According to the Wilcoxon matched-pairs signed-rank test there were no 
statistically significant differences between the two LUSI value sets (p=0.045). A comparison of the 
regression line of these two sets and the identity regression also failed to reveal statistically significant 
differences either between the slopes (p=0.043) or the intercepts (p=0.024) (Figure 2). These results 
showed that the choice of land cover map does not significantly affect the calculation of LUSI, as sim-
ilar continental pressure information is obtained.
Figure 2  ·  Regression line of the LUSI results calculated with MCSC and CLCM, drawn as a solid 
line. The dashed line corresponds to the identity regression. Catalan water bodies are numbered.
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3.2.2. Validation of LUSI against dissolved inorganic nutrient concentrations
LUSI values were compared with DINut measurements from coastal waters to validate the index, given 
that continental nutrient loads and concentrations, indirectly evaluated by LUSI, are directly related to 
nutrient concentrations in coastal waters.
TABLe 5  ·  Relationships between LUSI values, calculated with MCSC and CLCM, and DINut (90th 
percentiles of NO3, NO2, NH4, PO4, and SiO4, in µM) or Chl-a (90th percentiles of the values, in 
µg/L), measured between 2007 and 2012 at water bodies along the Catalan coast. Spearman 
correlations (ρ) and their corresponding p-values together with the equations of the linear models 
(LM), their R2 values, and their p-values are shown. See the text for details on the calculation.
LuSi Variable Correlation(ρ)
ρ
p-value
LM
equation
LM
r2 value
LM
p-value
MCSC
NO3 0.87 0.00 NO3 = 0.21 * LUSI (MCSC) + 0.23 0.77 1.19*10
−11
NO2 0.87 0.00 NO2 = 0.08 * LUSI (MCSC) + 0.03 0.54 5.91*10
−6
NH4 0.70 2.00*10−6 NH4 = 0.06 * LUSI (MCSC) + 0.65 0.28 1.73*10
−3
PO4 0.60 9.70*10−5 PO4 = 0.05 * LUSI  (MCSC) + 0.15 0.25 2.82*10
−3
SIO4 0.85 0.00 SIO4 = 0.15 * LUSI (MCSC) + 0.51 0.62 1.25*10
−7
Chl-a 0.88 0.00 Chl-a= 0.12 * LUSI (MCSC) + 0.22 0.82 8.14*10
−8
CLCM
NO3 0.81 0.00 NO3 = 0.18 * LUSI (CLCM) + 0.25 0.55 5.07*10
−7
NO2 0.80 0.00 NO2 = 0.06 * LUSI (CLCM) + 0.01 0.30 2.32*10
−3
NH4 0.59 1.58*10−4 NH4 = 0.05 * LUSI  (CLCM) + 0.66 0.20 1.02*10
−2
PO4 0.52 1.17*10−3 PO4 = 0.04 * LUSI  (CLCM) + 0.15 0.17 1.68*10
−2
SIO4 0.82 0.00 SIO4 = 0.14 * LUSI (CLCM) + 0.48 0.64 6.05*10
−8
Chl-a 0.83 0.00 Chl-a= 0.11 * LUSI (CLCM) + 0.21 0.61 8.18*10
−5
LUSI method
273
The correlations and adjusted linear models based on the LUSI values, calculated with MCSC and 
CLCM, and the DINut information were significant (Table 5). Nearly all of the correlations between 
DINut and the LUSI values were >0.5; the best correlations were those between LUSI and NO3, NO2, 
and SiO4 (≥0.8). All of the linear models showed positive relationships between LUSI and DINut, with 
the strongest relationships those between LUSI and NO3 and SiO4 (slopes >0.1). These results validate 
LUSI as a proxy for indirectly assessing continental nutrient loads and concentrations and therefore 
continental pressures on coastal waters.
Validations were then carried out using the LUSI results calculated with CMSC and CLCM, comparing 
them against the DINut concentrations. Comparisons of the linear models of LUSI, calculated with the 
two land covers, and a specific DINut concentration (Appendix 4) failed to reveal statistically significant 
differences either between the slopes (p>0.01) or the intercepts (p>0.01). These results showed that 
the choice of land cover map does not significantly affect the validation of LUSI with respect to DINut.
3.2.3. Establishment of a pressure-impact relationship based on LUSI                                                 
          and chlorophyll-a
To implement the WFD, the identified pressures must be linked with the status of biological impact 
indicators, so-called Biological Quality Elements (BQE), through pressure-impact relationships, and the 
involved mechanisms then elucidated. This knowledge is crucial for the execution of effective river 
basin management plans aimed at achieving or maintaining WBs with a good ecological status (i.e. 
good water quality).
A pressure-impact relationship was established between LUSI and Chl-a, as a proxy of BQE phyto-
plankton biomass, for the Catalan coast (the data are shown in Appendix 3). The mechanism under-
lying this relationship is related to nutrients, as continental pressures are mainly related to nutrients, 
which support phytoplankton growth. The link between LUSI and Chl-a is depicted in Figure 3: coastal 
waters adjacent to areas of land dominated by human activities or coastal waters receiving water 
from the nation’s main rivers had higher Chl-a concentrations than areas with less human pressure 
or without rivers. Moreover, the effect of coastal morphology on the confinement of coastal waters 
could also be visualised: Chl-a concentrations were higher in bays, where water is confined, than in 
the waters around headlands, where continental freshwater inputs become more diluted. Correla-
tions and adjusted linear models (i.e. pressure-impact relationships) based on LUSI values, calculated 
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with MCSC and CLCM, and the Chl-a concentrations were significant (Table 5, Figure 4). The correla-
tions confirmed the relation between LUSI and Chl-a (0.88 for MCSC and 0.83 for CLCM). The slope 
coefficients of both pressure-impact relationships were positive (0.12 for MCSC and 0.11 for CLCM), 
implying that Chl-a was positively related to LUSI. Therefore, WBs receiving no or minimal pressure 
from the continent are either without signs of impact or those signs are minimal (low LUSI and Chl-a 
values). Conversely, WBs subject to continental pressures are characterised by proportionately more 
highly impacted waters (higher LUSI values are related to higher Chl-a values). To calculate the natural 
background concentration of Chl-a in the absence of continental pressures the minimum LUSI value 
of 0.75 was used. The theoretical minimum Chl-a concentration is 1.04 µg/L when calculated using 
the MCSC pressure-impact relationship, and 0.95 µg/L according to the CLCM relationship. These val-
ues are similar to the 1.01 µg Chl-a/L measured in the Cap Norfeu (C05) WB, located within the Cap 
de Creus marine and terrestrial natural park, in northeast Catalonia. Its LUSI value was 0.75, indicating 
that it is subjected to minimum pressure from the continent. The similarity between the theoretical 
and measured minimum values of Chl-a supports the validity of the pressure-impact relationships 
established in this study.
Pressure-impact relationships between LUSI, calculated with MCSC and CLCM, and Chl-a were then 
compared. The comparison (Figure 7) failed to reveal statistically significant differences either be-
tween the slopes (p=0.729) or the intercepts (p=0.211). These results showed that the choice of land 
cover map does not significantly affect the establishment of pressure-impact relationships based on 
LUSI values, as equivalent relationships are established irrespective of the map used.
Finally, a unique pressure-impact relationship was established with all the available information from 
the Catalan coast. Three linear models were constructed taking into account:(a) the effect of LUSI on 
Chl-a, (b) the effect of LUSI and the choice of land cover map on Chl-a and (c) the effect of LUSI, the 
choice of land cover map and the interaction between them on Chl-a. The results of the three models 
were significant and showed the positive effect of LUSI on Chl-a, whereas neither the choice of land 
cover map nor its interaction with LUSI had any effect on Chl-a. Since the three models did not signifi-
cantly differ, the most parsimonious model with the lowest AIC was chosen: the model relying on LUSI 
and Chl-a and using both the CLCM and the MCSC datasets (p=5.40x10−11, R2=70%, AIC=−43.3, Eq. 3).
 Chl-a= 0.11 × LUSI + 0.22                    (3)
This pressure-impact relationship for the Catalan coast can be considered as the unique and theoret-
ical regression between LUSI and the respective Chl-a concentrations.
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a
Figure 3  ·  Maps of the Catalan coast showing the continental pressures related to LUSI on land, 
based on MCSC (a) and CLCM (b), and the 90th percentile values of Chl-a (µg/L) in coastal waters 
(shown by water bodies), as a measure of impact. Urban land use is shown in red, industrial land 
use in brown and agricultural (irrigated) land use in orange. Rivers are shown in blue and the 
coastline in black. Water bodies are shown in green, with the shade depending on the Chl-a 
value (assigned based on direct integer values). There are no Chl-a data for harbours, indicated, 
as for the bathymetry, in grey.
276
Chapter 5
Figure 4  ·  Pressure-impact relationships between LUSI values, calculated using MCSC (blue) 
and CLCM (green), and Chl-a (µg/L), measured between 2007 and 2012 in WBs along the 
Catalan coast. Squares and circles represent the means, and error bars the standard deviations 
of the transformed 90th percentiles of Chl-a. Chl-a confidence intervals and the codes of the 
WBs are shown. See the text for details on the calculation.
b
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Figure 5  ·  Physical, chemical and biological factors influencing the pressure-impact relationships 
between nutrient (nutrients) and chlorophyll-a (phytoplanktonic biomass) concentrations in 
coastal areas. Adapted from Garcés and Camp (2012).
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4. FURTHER CONSIDERATIONS                         
    REGARDING LUSI
4.1. Strengths and weaknesses
LUSI is a simple method to assess continental pressures, manifested as the risk of eutrophication, on 
coastal waters and it fulfils most of the criteria proposed by Lopez y Royo et al. (2009) for this type of 
tool. Among the many strengths of LUSI are that it is easy to use, objective, fast, cost-effective, repeat-
able, based on publicly available and periodically updated data and has a broad range of applications. 
LUSI provides a synthetic pressure assessment that integrates all potential sources of impact to yield a 
single indicator value. These values are comparable among coastal areas and allow the establishment 
of pressure-impact relationships. In fact, LUSI has been used as a model for other pressures assessment 
methodologies. For example, Neto et al. (2012) evaluated anthropogenic pressures sensu LUSI to study 
the eutrophication effects of coastal macroalgae communities in Portugal, using the MarMAT tool. 
A potential weakness of LUSI was pointed out by Bacci et al. (2013): in considering all potential sources 
of impact, LUSI does not discriminate between different types of pressure in terms of a specific ecolog-
ical response from the system. However, this type of discrimination is possible through the pressure 
scores related to LUSI, which are assigned before the index is calculated. This approach enables explo-
ration of the differential responses of bioindicators to various forms of pressure. 
4.2. Simplicity vs. the accuracy of pressure assessment   
       methods
LUSI is neither quantitative nor accurate, but it is a simple and reliable proxy of continental pressures, as 
shown herein through its validation with DINut concentrations. However, according to Lopez y Royo et 
al. (2009), the use of simple pressure assessment methods implies an oversimplification of the informa-
tion. The question then arises of whether continental nutrient fluxes (load and concentration) must be 
evaluated quantitatively and precisely to obtain an accurate characterisation of continental pressures, 
as recommended by Fedorko et al. (2005), Giupponi and Vladimirova (2006) and Rodriguez et al. (2007). 
These authors approach has two main setbacks. First, although information on continental pressures 
with an identified point source, such as those exerted by river water and wastewaters, is available and 
updated, for continental diffuse pressures, such as those caused by runoff, data are still lacking. Second, 
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an accurate characterisation of continental pressures implies considerable investments of time, eco-
nomic and human resources, and, if models are to be constructed, computational effort; thus, an ac-
curate characterisation is only feasible at local scales and nearly impossible at regional or larger scales. 
The choice between a simple vs. an accurate method to assess continental pressures may depend on 
the objectives of the study, specifically, on the spatial scale and the degree of detail of the required 
information. In most cases, local studies must gather detailed information to accurately assess conti-
nental pressures, whereas studies covering large spatial scales typically use general and widely avail-
able information as input, in which case simple methods to assess continental pressure are suitable 
and unavoidable. For instance, relationships between continental pressures and bioindicator impacts 
could be well-modelled at the local level using accurate data specifically sampled for this purpose. 
However, if continental pressures need to be assessed at a biogeographical level, for instance in a 
study aimed at identifying the most affected coastal areas in the Mediterranean Sea, then LUSI, as a 
simple method yielding synthetic information, is a completely acceptable and appropriate approach.
4.3. The applicability of LUSI 
The direct and indirect applications of LUSI include in the fields of science, environmental law and 
socio-economics.
Important direct applications of LUSI include those within the DPSIR framework and in the formulation 
of environmental policies that emerge from it, such as, at the European level, the WFD and MSFD. Both 
directives seek to identify impacts reflecting anthropogenic pressures rather than natural variability 
(Solimini et al., 2006) in order to develop and implement remediation actions; as a prerequisite, this 
requires the identification of clear relationships between pressures and impacts. Within the WFD, LUSI 
has four main applications: (1) It provides information on continental pressures that can be included in 
Analysis of Pressures and Impacts (IMPRESS) reports. (2) With the information provided by LUSI and by 
impact bioindicators, pressure-impact relationships can be identified, which is essential for the defini-
tion of boundaries and reference conditions in quality assessment methodologies, for their validation, 
and for comparisons of the data and their harmonisation among member states within the intercali-
bration process. (3) The implementation of LUSI against a background of improved knowledge of the 
mechanisms that govern pressure-impact relationships will allow the design of more effective and use-
ful monitoring systems. (4) The implementation of more appropriate and suitable actions within River 
Basin Management Plans will facilitate the achievement of good ecological status for marine waters.
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The indirect applications of LUSI are related to the benefits of access to pressure information, especially 
regarding diffuse sources of nutrients. This information forms the basis for policymaking, which could 
lead to better protection of the environment and therefore human health and well-being. For exam-
ple, in Europe, LUSI already provides useful information for the Nitrate Directive (European Communi-
ties Council, 1991b), the Habitats Directive (European Communities Council, 1992), the Bathing Water 
Quality Directive (European Communities Council, 1976), the Urban Wastewater Treatment (European 
Communities Council, 1991a) and the New Political Framework for Tourism (European Economic and 
Social Committee, 2010), in addition to supporting Integrated Coastal Zone Management objectives.
4.3.1. Pressure-impact relationships
Within the context of WFD implementation, LUSI has been successfully used to establish pressure-im-
pact relationships that take into account different BQEs (phytoplankton, macrophytes and macrofauna) in 
coastal areas of the Mediterranean Sea and the Atlantic Ocean (Appendix 5). Several authors have adapt-
ed LUSI to specific coastal areas or BQEs to similarly establish pressure-impact relationships (Appendix 5). 
These adaptations necessitated modifying some of LUSI’s characteristics, such as adding more categories 
for a specific pressure, considering other kinds of pressures, changing the confinement correction factor 
or taking into account a different continental area. The latter modification, if it is slight, has already been 
proved not to significantly affect the calculation of LUSI. However, the more closely adapted the modi-
fied index is to the specific characteristics of the coastal area to be assessed, the less useful it is for other 
coastal areas with different characteristics and, importantly, for subsequent comparisons between them. 
The broad and successful use of LUSI was made possible by the open distribution of its rationale and its 
description within the Milestone 5 report regarding WFD Intercalibration Phase 2 (Flo et al., 2011a).
Pressure-impact relationships are a simplification of the marine environment and its functioning. Gen-
erally, they are theoretical and linear, indicative of a unique and direct mechanism linking an identified 
pressure with a specific impact. These relationships while a very useful tool in WFD implementation, 
especially for management purposes, are nonetheless rare in the real environment, where multiple 
pressures, both natural and anthropogenic, interact in multiple ways to affect a wide range of organ-
isms, resulting in numerous impacts throughout the ecosystem. In nature, the interactions among 
pressure and impact indicators create complex networks and involve physical, chemical and biolog-
ical mechanisms that coexist in time and space. The very broad range of goodness of fit values (R2 
from 8% to 96%; Appendix 5) for the theoretical and linear pressure-impact relationships between 
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LUSI (or its modifications) and different BQEs well demonstrates the complexity of these relations in 
marine environments. Indeed, in some cases, well-defined, linear pressure-impact relationships can-
not be established, as indicated by low goodness of fit values. In other cases, however, interactions 
between pressures and impacts are simpler, more readily identifiable and better known, resulting in 
liner relationships with high goodness of fit values. In all cases, however, the results should be carefully 
interpreted because a high goodness of fit value does not always imply causality.
The complexity of pressure and impact relations is illustrated by the relationship between LUSI (indirect 
assessment of continental nutrients) and Chl-a concentration (phytoplanktonic biomass). This relation-
ship is not always direct and can be altered by the influence of physical, chemical and/or biological 
factors [Figure 5; Garcés and Camp (2012)]. When these factors influence a concrete WB or the entire area 
of study, the goodness of fit value of the pressure-impact relationship could be lower than expected. Spe-
cific examples of this alteration of pressure-impact relationships are: 1) the influence of the continental 
pressure of one WB on its adjacent WB and 2) the influence of the distance to the coast in the sampling 
procedure. Regarding the first example, the continental pressure that receives one WB can be transferred 
to the adjacent WB. As a result, this second WB shows a value of impact higher than expected, as it is 
the result of the sum of the pressures received by the continent plus the pressures received by the ad-
jacent WB. In the Catalan coast, the continental pressures received by WB C21-Llobregat are transferred, 
due to the general surface circulation, to WB C22-El Prat de Llobregat-Castelldefels. The first WB shows 
a LUSI and Chl-a values that are in agreement with each other (LUSI = 5 and Chl-a = 6.35 µg/L), so this 
WB is plotted near the regression line in Figure 4. However, the second WB shows a higher Chl-a value 
compared with the expected one giving its LUSI value (LUSI = 4 and Chl-a = 6.06 µg/L). Thus, WB C22-El 
Prat de Llobregat-Castelldefels is plotted above the regression line in Figure 4. Regarding the second 
example, one of the main factors influencing the relationship between LUSI and Chl-a concentration is 
the distance to the coast in the sampling procedure. The relationship between continental nutrients and 
Chl-a is more direct at the coastline than in outermost waters, where nutrient availability decreases and 
other complex oceanographic mechanisms that affect phytoplankton growth come into play (Chapter 
1). In Mediterranean Spanish coastal waters, pressure-impact relationships between LUSI and Chl-a con-
centration showed higher goodness of fit values when Chl-a was sampled at the coastline (62%) than 
when Chl-a was sampled at outermost coastal waters (51%) [Flo (2011b); Appendix 5]. Consequently, 
current sampling strategies for BQE phytoplankton should be reconsidered: there should be greater focus 
on those sites where continental impacts are stronger and the risk of eutrophication is higher, thus where 
pressure-impact relationships are clearer. These sites are near the coastline, not at the offshore coastal 
boundary, where the relationships are more complex and the risk of eutrophication is lower.
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5. CONCLUSIONS 
This work presented LUSI, a simple methodology to assess continental pressures on coastal waters and 
therefore the risk of eutrophication. LUSI serves as a simple proxy enabling the indirect assessment of 
continental nutrient loads and concentrations and therefore of the eutrophication risk at coastal waters. 
It is based on systematic information on the land uses that influence coastal waters (urban, industrial, 
agricultural, and riverine) and on coastline morphology, which determines the degree of confinement 
of coastal waters and therefore the likelihood that continental freshwater inflows and the nutrients they 
contain will be diluted. A low LUSI value indicates that the studied coastal water area is not or is only 
slightly influenced by continental pressures whereas a high LUSI value indicates a strong influence of 
continental pressures. The utility of LUSI was highlighted in a case study from the Catalan coast (NW 
Mediterranean). In this study 1) the continental pressures on coastal waters were assessed using LUSI; 
2) LUSI was validated against DINut concentrations and 3) a pressure-impact relationship between LUSI 
and Chl-a concentrations as a proxy of biomass for BQE phytoplankton was established, as mandated 
by the WFD. In addition, two land cover maps differing in their spatial coverage (CLCM and MCSC) were 
used to demonstrate that the choice of land cover map neither influences the LUSI assessment nor the 
LUSI validation nor the pressure-impact relationship based on LUSI. Finally, the strengths of LUSI, includ-
ing its simplicity and its direct and indirect applicability especially in environmental law under the DPSIR 
framework, were pointed out, as was the complex nature of its ensuing pressure-impact relationships.
ACKNOWLEDGEMENTS
This study used data collected within the National Catalan Water Monitoring Program funded by 
contract CTN0802809 between the Catalan Water Agency (ACA) and the Marine Science Institute 
(ICM-CSIC). R. Ventosa and M. Abad are acknowledged for dissolved inorganic nutrients analyses, J. 
Ballabrera for constructive discussions of the statistical approach and J. Jones and W. Run for helpful 
reviews of the manuscript. This research is a contribution to the GRADIENTS project (Estructura fina de 
los gradientes costeros a lo largo de la costa Mediterranea), funded by the Spanish National Program 
(CTM2012-39476-C02-02) and the DEVOTES project (Development of innovative tools for understand-
ing marine biodiversity and assessing good environmental status), funded by the European Union’s 
Seventh Framework Programme for research, technological development and demonstration under 
grant agreement number 308392.
LUSI method
283
APPENDIX
1. LUSI land use categories and equivalent classes of CLCM
LUSI categories related to land use and the equivalent classes of level 3 (code and description) of the 
2006 Coordination of Information of the Environment land cover map or CORINE land cover map (CLCM).
2. LUSI land use categories and equivalent classes of MCSC
LUSI categories related to land use and the equivalent classes of level 5 (code and description) of the 
2009 Mapa de Cobertes del Sòl de Catalunya (MCSC).
LuSi
Categories
CLCM
Class code
MCSC
Class description
industrial
121 Industrial or commercial units
123 Port areas
131 Mineral extraction sites
132 Dump sites
urban
111 Continuous urban fabric
112 Discontinuous urban fabric
122 Road and rail networks and associated land
124 Airports
133 Construction sites
141 Green urban areas
142 Sport and leisure facilities
Agricultural (irrigated)
212 Permanently irrigated land
213 Rice fields
222 Fruit trees and berry plantations
242 Complex cultivation patterns
LuSi
Categories
MCSC
Class code
MCSC
Class description
industrial
183 Aquaculture farms and aquaculture crops in the ground
193 Industrial ordered
194 Industrial unsorted
195 Isolated industries
196 Sawmills
198 Nurseries
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LuSi
Categories
MCSC
Class code
MCSC
Class description
industrial
201 Buildings for agricultural use
202 Farms
213 Harbour areas
228 Wind power plants
229 Solar power plants
230 Nuclear plants
231 Thermal power plant
232 Electric infrastructure
233 Sewage and water treatment plants
234 Desalination plants
235 Telecommunications
236 Mining extraction areas
237 Landfills
238 Treatment plants
urban
182 Residential agricultural settlement
187 Urbanisations
188 Downtown
189 Eixample
190 Single family houses
191 Colonies and isolated areas
192 Detached houses
197 Commercial and office complexes
199 Resorts
200 Other buildings
203 Dams
204 Cemeteries
205 Major roads
206 Parking areas
207 Urban parks
208 Urban lagoons
209 Motorways
210 Highways
211 Airports
212 Railroad
214 Road green areas
215 Railway green areas
216 Service areas on roads
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urban
217 Bus stations
218 Sports areas
219 Recreational parks
220 Campsites
221 Golf courses
222 Administrative complex
223 Health facilities
224 Educational facilities
225 Prisons
226 Religious centres
227 Cultural centres
239 Non-constructed urban soil
240 Urban zone under construction
241 Earthworks
Agricultural (irrigated)
129 Irrigated citrus fruit trees 
131 Non-irrigated citrus fruit trees
132 Farming nurseries
135 Irrigated olive groves 
137 Irrigated carob tree
138 Rice fields
140 Other irrigated arable crops
144 Greenhouses
145 Garden crops under plastic
148 Irrigated non-citrus fruit trees on terraces
149 Vineyard terraces
151 Irrigated olive groves on terraces
154 Other arable crops on irrigated terraces
180 Greenhouses on terraces
181 Family garden
185 Artificial channels
186 Agricultural ponds
3. Pressures (LUSI) and impacts (chlorophyll-a)    
    of Catalan coastal water bodies
Pressures on Catalan coastal water bodies [LUSI, based on the 2009 Mapa de Cobertes del Sòl de Catalunya 
(MCSC) and the 2006 Coordination of Information of the Environment land cover map (CLCM); and on 
salinity measured from 2007 to 2012] and their impacts (chlorophyll-a measured from 2007 to 2012; Chl-a).
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4. Validation of LUSI against dissolved inorganic nutrients  
    (Figures)
Linear models between LUSI values, calculated with the 2009 Mapa de Cobertes del Sòl de Catalunya 
(MCSC; blue) and the 2006 Coordination of Information of the Environment land cover map (CLCM; 
green), and dissolved inorganic nutrients (NO3, NO2, NH4, PO4 and SiO4; µM; DIN) measured between 
2007 and 2012 in water bodies along the Catalan coast. Squares and circles represent the means and 
error bars the standard deviations of the transformed 90th percentiles of DIN. Confidence intervals of 
DIN and codes of water bodies are shown. See the text for details on the calculation.
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5. Pressure-impact relationships among LUSI or modified    
    LUSI and biological indexes within the Water Framework 
    Directive
Comparison of pressure impact-relationships among pressure indexes (LUSI or modified LUSI) and 
biological indexes, related to several Biological Quality Elements, within the Water Framework Direc-
tive context. The pressure-impact equation is shown together with its R2 and p value and the coastal 
area for which it was calculated. 
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ABSTRACT
The Water Framework Directive (WFD) mandates the use of b iological quality e lement ( BQE) phyto-
plankton to assess the ecological status of coastal and transitional water bodies (WB). Here, we present 
(i) a critique of the general ecological assumptions of the WFD, (ii) a review of the ecological features 
of coastal phytoplankton dynamics, (iii) several approaches to establish a methodology to assess wa-
ter-quality along the Catalan coast (NW Mediterranean Sea) based on BQE phytoplankton, and (iv) a crit-
ical examination of the use of phytoplankton as a BQE. Since 2005, we have followed several approaches 
aimed at assessing water-quality based on BQE phytoplankton and linking this indicator to a proxy to a 
as potentially harmful species, as functional or taxonomic groups, and with respect to their bloom fre-
to assess water-quality based on the use of chlorophyll-a (Chl-a), as a proxy of phytoplankton biomass. 
The Chl-a -
munity, and, importantly, it is used worldwide in water-quality studies, thus allowing not only regional 
but also crosscountry comparisons. Moreover, because Chl-a concentrations clearly respond to nutrient 
reference conditions and water-quality boundaries for each type. We conclude our discussion with a 
consideration of the pros and cons of the use of phytoplankton as a BQE.
1. ECOLOGICAL SYSTEMS, BIOLOGICAL
   COMMUNITIES, AND THE WATER
   FRAMEWORK DIRECTIVE
Coastal waters are the most productive and diverse areas of the global ocean. Their unique structural 
properties include continental shelves, benthic–pelagic coupling, strong gradients, terrestrial inputs, 
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organic and inorganic nutrients, such as carbon, nitrogen, and phosphorus, and therefore in unprec-
edented increases in eutrophication. Indeed, the deterioration of water-quality, understood as the 
loss of desirable (near pristine) conditions, has mainly been due to anthropogenic pressures, most 
status is therefore a fundamental step in any policy aimed at improving the environmental quality of 
coastal waters.
The purpose of the Water Framework Directive (WFD) is to establish a framework for the protection 
of f reshwaters, marine waters, and groundwater. The main environmental objective of the WFD is 
the achievement b y all European water bodies ( WBs) o f a Good E cological Status (GES) b y 2015. 
-
ecological quality ratio (EQR). The EQR is a relative measure that compares the structural and com-
positional features of an ecosystem with those of a reference system characterized by a low level of 
anthropogenic pressure and therefore with good water-quality. Any deterioration or improvement in 
pressures, especially eutrophication. For example, the WFD recognizes that nutrient enrichment and 
changes in the stoichiometry of nutrient elements can give rise to shifts in the composition and bi-
omass of phytoplankton species and to increases in the frequency, magnitude, and duration of phy-
toplankton blooms. It has therefore included phytoplankton as a BQE and mandated determinations 
of its taxonomic composition, abundance, biomass, and bloom frequency to assess water-quality.
While the WFD emphasizes sustainable use, its GES criteria assume that a manageable relationship 
exists between the structure and function of ecological systems that can be evaluated by quantifying 
the designated BQEs. However, questions regarding the validity of this assumption and whether a 
BQE-based approach is robust enough to support the goals of the WFD have generated intense con-
achievement of GES relies on an outdated interpretation of ecology and on a highly idealized pristine 
state free of any type of human impact (Josefsson and Baaner, 2011). In addition, the WFD’s goals are 
based on the concept of a balanced (or climax) community and what nowadays is recognized as an 
overly simplistic view of the equilibrium of biological communities. That line of thinking was devel-
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“a biological community 
of plants and animals which, through the process of ecological succession has reached an equilibrium in 
response to climate, soil and other environmental factors. In the absence of human interference, this state 
is self-maintaining.”
contains strong evidences that it is an inappropriate model for ecosystem management (Josefsson 
and Baaner, 2011).
The WFD is also founded on several other assumptions, which can be summarized as follows. (1) 
Ecological systems have a clear identity; they are recognizable and spatially clearly delimited. (2) In 
the absence of pressures, ecological systems achieve a steady state and are both temporally and 
spatially stable. (3) Ecological systems have “memory” and undergo structural changes in response 
to sustained pressure. (4) Changes caused by anthropogenic pressures can be distinguished from 
those resulting from natural causes, which in turn imply known pressure–impact relationships. (5) 
Ecological systems will return to an initial reference state if the pressures ceased. (6) Any changes in 
However, the WFD’s assumptions are highly contestable and largely outdated, such that today none 
-
ing its reliance on BQEs must be questioned. It is beyond the scope of this chapter to discuss the 
weaknesses of each of the above listed assumptions in detail. A summary of the opposing arguments 
would show that the WFD’s assumptions are valid only if we impose appropriate spatiotemporal 
restrictions on the use of a particular BQE. This approach requires in-depth knowledge of the BQE’s 
function in the target ecosystem and a recognition of the limitations and potential artifacts of the 
In the following, we examine the limitations of phytoplankton as a BQE. We begin with a review of 
the ecological features of coastal phytoplankton and its dynamics. We then present some of the 
the Catalan coast (NW Mediterranean Sea) – as required by the WFD – which illustrate several of the 
problems inherent to the directive. As will become apparent in this chapter, for BQE phytoplankton, 
none of the tested parameters, i.e., taxonomic composition, abundance, biomass, and bloom fre-
-
phyll-a (Chl-a) concentration, which serves as a proxy measure for phytoplankton biomass, clearly 
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responds to nutrient enrichment. Accordingly, we were able to establish a positive pressure–impact 
a. Based 
on this relationship, we developed a methodology, discussed herein, in which water-quality can be 
determined by measuring phytoplankton biomass. Moreover, our approach complies with the WFD’s 
requirements regarding ecosystem management applications.
2. IS PHYTOPLANKTON AN ADEQUATE 
    BIOINDICATOR?
2.1. Causes of Variability in Phytoplankton Communities 
The growth and distribution of phytoplankton species follow seasonal cycles that depend on latitude 
and on the distance of the respective community to the coast. The fundamental causes of this vari-
ability have been well studied and include nutrient availability (Harris, 1984; Huisman and Weissing, 
1999; Kilham and Kilham, 1980; Margalef, 1978; Reynolds and Smayda, 1998; Smayda, 1980) Nutrient 
elements are essential for the growth and maintenance of photoautotrophic organisms, which use 
ocean. Phytoplankton and other microbes take up nutrients and assimilate them into macromole-
cules, resulting in the formation of particulate organic matter which is then integrated into food webs 
and, thus, into higher trophic levels. Along with nutrients and their stoichiometry, several chemical 
and availability of light (Arin et al., 2013; Justic et al., 1995; Margalef, 1978; Ribera d’Alcalà et al., 2004; 
-
-
Garces, 2006; Stolte and Garcés, 2006). These processes account for the highly dynamic nature of phy-
toplankton, their rapid response to changes in environmental conditions, and their ability to inhabit 
a geographically b road r ange o f coastal e nvironments. H owever, they a lso underlie t he c omplex 
relationship between environmental conditions and both the abundance of phytoplankton (Cloern 
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and Jassby, 2008; C loern and Jassby, 2010) and the unpredictable structure of their communities. 
Thus, one of the main drawbacks of the WFD in its designation of phytoplankton as a BQE can be 
summarized as follows: phytoplankton communities are highly diverse and well adapted not only to 
2.2. Phytoplankton Communities: An Indicator Without             
       Memory
To establish reference conditions, as mandated by the WFD, phytoplankton communities must be 
described based on their state under completely or nearly completely undisturbed conditions, with 
little or no impact from human activities. The WFD also assumes that the nature of phytoplankton 
-
sence of anthropogenic pressure, phytoplankton communities are h ighly dynamic. Marine phyto-
plankton communities respond to the physico-chemical properties of their environment and, there-
fore, do not temporally integrate environmental changes. Indeed, even within a single seasonal cycle, 
phytoplankton communities will be highly variable (Borja et al., 2012; Garmendia et al., 2013) and will 
ecosystems and the disturbances to them requires recognition of the dynamic nature not only of 
phytoplankton but also of ecosystems and their communities in general. In other words, the status 
of a phytoplankton community should not, and cannot, be evaluated by comparing its composition 
and relative abundances with a static “reference” assemblage of species that, even if it existed, would 
by no means be representative.
2.3. Phytoplankton Species as a Bioindicator
-
proposed. However, in the context of eutrophication, the proliferation of a particular species of phy-
toplankton in direct response to a disturbance in the balance of an aquatic ecosystem is by no means 
certain (Gowen et al., 2012). For example, species belonging to the genus Phaeocystis are regarded as 
a nuisance in the coastal waters of the North Sea. Yet, following anthropogenically derived nutrient 
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enrichments of Belgian coastal waters, there was little change in the respective ecosystem despite 
a considerable increase in Phaeocystis spp. (Lancelot et al., 2009). In the Mediterranean Sea, there is 
conducted in other European regions.
2.4. Phytoplankton Biomass as a Bioindicator
The immediate biological response to nutrient inputs is an increase in primary production, which 
manifests as an increase in phytoplankton and/or macroalgal abundances (Ferreira et al., 2007; HEL-
COM, 2009; Nixon, 2009; OSPAR, 2008). Accordingly, Chl-a is commonly accepted as a proxy for phy-
toplankton b iomass, and extensive l iterature s upports its use as a n indicator of eutrophication i n 
coastal waters (Borja et al., 2008; Bricker et al., 2003; Bricker et al., 2008; Carstensen and Henriksen, 
2009; Claussen et al., 2009; Devlin et al., 2009; Devlin et al., 2007; Ferreira et al., 2011; Garmendia et al., 
2011). In relation to the WFD, this assertion supports the mandatory inclusion of a pressure–impact 
relationship in each methodology used to assess water-quality.
There is general agreement on the relationship between the mean concentrations of nutrients and 
Chl-a i n coastal w aters. H owever, to assess t his pressure–impact relationship, Chl-a data must be 
statistically integrated with respect to time, due to the highly dynamic behaviour of phytoplankton 
communities. Therefore, a suitable temporal database is necessary, which in turn implies the need 
period to assess the ecological status of a WB. Nonetheless, in some cases and in certain places, there 
will be no obvious relationship between the concentrations of nutrients and Chl-a. This could be due 
to a temporal or spatial mismatch of nutrients and Chl-a. For example, nutrients reach coastal waters 
at a certain time, and some time later, Chl-a will be generated but it also may be the case that the nu-
trients are further transported before Chl-a can be generated. Therefore, the physical and biological 
processes that modulate Chl-a production in turbulent and dynamic environments, such as coastal 
waters, may also disrupt its relationship to nutrient levels.
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3. THE MEDITERRANEAN SEA AND THE 
    CATALAN COAST AS A CASE STUDY
The Mediterranean Sea is a valuable paradigm to assess anthropic pressure, because of the con-
among the most oligotrophic areas of the world. In these waters, nutrient availability is low and 
inorganic phosphorus concentrations limit primary production (Ribera d’Alcalà et al., 2003). Conse-
quently, large areas of the sea’s surface waters are characterized by low amounts of phytoplankton 
biomass. Modest late-winter/early-spring increases of biomass are observed in some areas, such as in 
the northwest basin, associated with increasing daily irradiances and a greater stability of the surface 
layers after winter mixing brings nutrients to the surface. Relatively high biomass peaks also occur in 
fronts, upwellings, and cyclonic gyres. By contrast, coastal areas are nutrient rich, as they receive river 
-
acterized by strong physical, chemical, and biological gradients that extend from land to sea. Here, 
biological production is closely coupled to processes that deliver nutrients to surface waters. Anthro-
both of which impact phytoplankton productivity and species composition.
The Catalan coast is representative of the NW Mediterranean coast in terms of its geography, de-
mographics, and socio-economic activity (Chapter 1). The climate in this area is typically Mediterra-
nean, with moderate temperatures and irregular precipitation throughout the year. The continental 
of which is the Ebre delta. The tidal range is small. The sea weather is typically mild but occasionally 
rough or very rough, with most storms occurring during autumn and winter. Catalan watersheds 
consist of ephemeral streams, nine medium to small rivers, and the Ebre River in the south, all of 
which feed directly into the Mediterranean Sea. The Ebre River drains a watershed of 84,230 km2, with 
a mean water discharge at the river’s mouth of 416 m3/s (Ludwig et al., 2009). Other major rivers in 
the nation drain an area of 13,400 km2 and have a mean water discharge of 0.3–16.3 m3/s (Liquete 
for 18.5–56.6%, and urban areas for 1–19.1%. Agricultural land use is relatively important in southern 
river basins and urbanization in central ones. In terms of surface area, 10.7% of the total coastal zone 
is urbanized with 3,9 milions inhabitants (Institut d’Estadística de Catalunya, 1996). However, the pop-
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ulation density along the coast is highly variable, with only 33 inhabitants/km2 in the Ebre basin but 
1,425 habitants/km2 in Metropolitan Barcelona. During the tourist season, the population density in 
some areas increases by up to tenfold.
 
3.1. Water-Quality Surveys at the Catalan Coast
Two time series were carried out along the Catalan coast with the aim of assessing water-quality with 
respect to phytoplankton: a physico-chemical and biological survey and a survey to monitor phyto-
plankton. Both were the result of several agreements between the Catalan Water Agency (ACA) and 
Figure 1  ·  Map of the Catalan coast. The coastline and main rivers are shown, together with inshore 
and nearshore sampling stations (black dots) and water bodies (polygons), on coastal waters.
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the Institut de Ciències del Mar (ICM-CSIC).
The physico-chemical and biological survey of Catalan coastal waters was initiated in 1990 and is on-
at 5,000 m from the shore, 81 stations at 1,500 m, and 136 stations between 0 and 200 m, depending 
on the water depth (Figure 1). The stations nearest to the coast, which are located within the sea, are 
representative of coastal nearshore waters (CNW) and coastal inshore waters (CIW) (Chapter 1). CNW 
stations are sampled every 3 months and CIW stations every 3 months, monthly, or weekly, depend-
ing on the season. At each of these stations, in situ salinity and chemical (inorganic nutrients) and 
biological (Chl-a) parameters are measured in surface waters. Dissolved inorganic nutrient (nitrate, 
nitrite, ammonia, phosphate, and s ilicate) concentrations are determined using colorimetric tech-
In parallel with the above-described survey, phytoplankton monitoring was initiated in 2000 and is 
also ongoing. Water samples are obtained weekly, fortnightly, or monthly from 14 to 20 stations, de-
pending on the station and year. The Utermöhl method is used to identify and count phytoplankton 
species (Utermöhl, 1958).
3.2. WFD Implementation at the Catalan Coast
Implementation of the WFD along the Catalan coast is based on several procedures:
I. Adaptation of surveys. -
quirements of the WFD. Several stations were added to the surveys and sampling frequencies were 
in some cases adjusted. The most important change with respect to phytoplankton monitoring was 
to record the main taxonomic groups and not only the potentially harmful species, as was done at 
the beginning of the survey.
II. WB delimitation. 
transitional waters (the northern and southern bays of the Ebre delta). The coastal lengths of these 
there are between 2 and 30 stations per WB, such that all WBs are covered. For phytoplankton moni-
toring, 13 WBs are covered, with 1–2 stations per WB.
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The standard typology of Mediter-
ranean WBs is based on the nature of the bottom substrate and the depth, which are irrelevant for 
by the Mediterranean Geographical Intercalibration Group (Med-GIG). This typology is based on the 
annual mean salinity.
-
Atlantic Ocean; and type III is subdivided into western (W)  or eastern (E) basins of the Mediterranean 
Sea. More detailed information can be found in the European technical reports (Carletti and Heiska-
nen, 2009).
IV. Establishment o f a method t o assess c ontinental p ressures on c oastal waters. E very 
-
lationship whose underlying mechanisms are known. The establishment of such relationships, and 
therefore the assessment of anthropogenic pressures, is crucial for the development of the River Ba-
sin Management Plans required by the WFD. In coastal systems, these assessments must be focused 
on inland pressures, as the directive requires the assessment of pressures outside the WBs. However, 
-
cated, integrated tools that currently are not available. Instead, several indices have been proposed 
to estimate the quantity and distribution of anthropogenic pressures and their potential impacts, 
TABLe 1  ·  
range.
Type DescriptionA nnual mean salinity
I <34.5
II 34.5 and <37.5
III 37.5
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including BiPo (Lopez y Royo et al., 2010; Lopez y Royo et al., 2009), BSPI, and BSII (HELCOM, 2010), but 
their use is either very complicated or requires large amounts of data. We therefore developed the 
pressures on coastal waters. The rationale for the LUSI i s based on the following assumptions: (1) 
-
of the coastal region involved, which can enhance or diminish those pressures once they reach the 
depends on the amount of land involved, which can be estimated using land use maps. The de-
described in Table 1. Depending on these characteristics, a score is assigned to each WB and then 
combined within an algorithm to obtain a unique unitless LUSI value. A low LUSI value indicates that 
-
validated by measurements of dissolved inorganic nutrient concentrations in coastal waters of the 
Catalan coast. All these characteristics make LUSI an important tool not only within the WFD but also 
within the context of DPSIR (driving forces–pressures–states–impacts–responses) models in general. 
coast, LUSI values were calculated for the entire WB by using the CORINE land cover map from 2006.
4. SUSTAINABILITY OF THE BQE
PHYTOPLANKTON TO ASSESS THE 
WATER-QUALITY AT CATALAN COAST
-
frequency index; and (IV) measurement of Chl-a concentrations. These approaches meet the WFD’s 
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requirements with respect to the taxonomic composition and abundance (I and II), bloom frequency 
(III), and biomass (IV) of phytoplankton.
Each approach complied with the WFD’s intercalibration process (IC), the aim of which is to ensure 
the comparability of biological monitoring results obtained by the member states, as required by the 
directive. Our group was assigned to the Med-GIG from 2005 to 2015. All four approaches were statis-
tically tested following the guideline of the WFD and the directions of the Joint Research Centre. The 
statistical tests were carried out by selecting several subsets of the two Catalan coastal water time 
series databases, depending on the BQE parameter. One of the subsets belonged to the common 
dataset from Med-GIG, which was used to establish a method to assess water-quality based on Chl-a 
into two groups, impacted and reference stations (sites with undisturbed conditions), depending on 
the degree of human disturbance. All the approaches were tested against LUSI values.
I. HAB index. As previously discussed, the assumption that the presence and/or abundances of a 
particular species of phytoplankton can be used as an indicator of water-quality has been strongly 
questioned (Gowen et al., 2012). However, because HAB species are toxin producers or cause other 
HAB index (Reñé et al., 2007) integrates data on the taxonomic composition and abundances of HAB 
species. In a study conducted at 17 stations sampled monthly during two annual cycles (2005–2006) 
-
-
assigned a score of 0, 1, or 2 such that the cumulative scores ranged from 0 to 12 for each sample. The 
HAB index was then calculated for each station according to the following Eq. (1):
 HAB index (%) = [Sum of scores / (Number of samples * F)] * 100                                   (1)
where F=12, which is the maximum potential score for each sample. Next, the water-quality of each 
(Figure 2).
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which in turn were prone to developing high-biomass blooms. However, because these stations clearly 
These results clearly demonstrated that the HAB index is not an accurate indicator of eutrophication, 
of anthropogenic pressures. In fact, the proliferative potential of a harmful-producing species depends 
not only on the eutrophication of the WB in which that species resides but also on the species’ physi-
ological characteristics, its life cycle, the presence of its competitors and predators, and the properties 
of the WB itself, such as water motion, the stability of the water column, and the water residence time.
Similar conclusions were reached by other authors (Revilla e t al., 2009), who in devising a quality 
index removed the cell counts of harmful species as they did not provide any relevant information 
about the study area (Basque coast, NEA region). Other authors have similarly concluded that “HABs 
are not related to eutrophication of the Mediterranean zone” given that some toxic species are mix-
otrophic and can bloom even in areas with nutrient limitations (Collos et al., 2009).
A second a pproach w as b ased on t he t axonomic c omposition 
Figure 2  ·  HAB index and LUSI relationship for the 17 stations studied. Triangles represent stations with 
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increase nitrogen and phosphorous inputs into coastal waters but have little impact or even diminish 
silicate levels. Nitrogen and phosphorous are inorganic nutrients essential to the growth of all phyto-
plankton groups, whereas silicate is required by diatoms for the elaboration of their frustules. Accord-
eight of the stations were undisturbed (little or no impact from human activities; median LUSI=1) 
and six were strongly impacted (high pressure from human activities; median LUSI=4). Our hypoth-
 
phytoplankton that is typical of the NW Mediterranean (Margalef and Castellvi, 1967). Therefore, the 
Figure 3  ·   
six impacted (median LUSI=4) stations during (a) winter, (b) spring, (c) summer, and (d) fall. These 
stations were sampled monthly during a period of 2 years.
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nutrient inputs into WBs but also on the hydrographic characteristics of the respective water column 
and the general patterns of the seasonal succession of phytoplankton (Margalef, 1978). The inability 
published reports on similar problems encountered during attempts to implement other taxonom-
2010; Domingues et al., 2008; Mouillot et al., 2006; Seoane et al., 2011).
III. Bloom frequency index. We measured phytoplankton bloom f requency at ten selected sta-
to estimate bloom frequency as a percentage of the total number of samples. These percentages 
were then used to assign water-quality categories. The correlation between the bloom frequency 
2=0.80; p<0.001) when all of the data were included (Figure 4). As in 
which in turn gave rise to high-biomass blooms. This sequence of events dominated the relationship 
results clearly demonstrate a nonlinear relationship between bloom frequency and anthropogenic 
cy index is not a good indicator of eutrophication.
 
Figure  4  ·  Relationship between bloom frequency (%) and LUSI for the ten stations analyzed. Triangles 
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composition and bloom frequency, are inadequate in terms of achieving the objectives of the WFD. 
on phytoplankton composition (whether of species or of functional groups) to classify water-quality 
in terms of eutrophication pressure. The absence of a direct relationship between blooms or HABs 
are also concordant with those reported by researchers in other European Union member states, in 
which national indices were developed to comply with the WFD but failed to demonstrate a relation-
ship between BQE phytoplankton and water quality (Devlin et al., 2007; Revilla et al., 2009; Spatharis 
and Tsirtsis, 2010).
IV. Chlorophyll-a. We followed several approaches to establish and test a methodology to assess 
water-quality using Chl-a as a proxy of phytoplankton biomass. All of them were based on the same 
assessment concept, in which nutrient concentrations are linked with those of Chl-a, which are high-
er in coastal areas that receive freshwater discharges of nutrients than in those that do not receive 
a concentrations than a WB 
the water-quality of a WB is acceptable by comparing its Chl-a concentrations with a reference level, 
taking into account the typology. Thus, the water-quality of a WB with a Chl-a concentration similar 
to its reference, which in turn implies similarity with respect to salinity and nutrient concentrations, 
will be acceptable. Conversely, the water-quality of a WB with a Chl-a concentration that is much 
-
ured WB and the reference WB is presumably due to an extra nutrient load related to human activi-
ties, i.e., eutrophication. In such cases, actions should be implemented to achieve the GES of that WB.
The following section provides a description of our methodology to assess water-quality based on 
Chl-a. The method was accepted by the European Commission in 2015, within the third phase of the 
WFD IC. After a description of the characteristics of the database, we describe the three steps that 
comprise the methodology: (i) establishment of the pressure–impact relationships, (ii) calculation of 
the reference conditions, and (iii) setting of the boundaries between water-quality categories. Finally, 
we provide an example by applying this approach to the Catalan coast.
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4.1. Database
The methodology was developed using a subset of the common dataset from the Med-GIG, specif-
ically, data from the NW Mediterranean (the coastal waters of France and Spain). As Spain has data 
GIG Technical Report, Section 3 Annex I Spain (Mediterranean Geographical Intercalibration Group, 
2007), as shown in Eq. (2):
 CNW Chl-a = 1/2 * CIW Chl-a                             (2)
The subset contained information from 71 WBs (23 of type II-A and 51 of type III-W). Type I was omit-
ted from the subset as it was only present in Spanish waters, which prevented its intercalibration with 
similar data from France. The subset included information from each WB regarding estimated anthro-
pogenic pressures (LUSI), their potential impacts (90th percentile of Chl-a
(annual mean values), in order to specify its typology. Chl-a and salinity statistics were calculated over 
a 2 to 6-year period depending on the region and are representative of the CNW of each WB. As Chl-a 
values do not show a normal distribution, they were transformed according to Eq. (3):
 v ’ = log10 (v+1)                     (3)
More detailed information on the sampling and analytical methods and on the common dataset can 
be found in European technical reports (Carletti and Heiskanen, 2009).
4.2. Pressure–Impact Relationships
reliable. The linear models for type II-A and type III-W are described by Eqs. (4) and (5):
 T ype II-A : Chl-a Transformed = 0:05 * LUSI + 0.26                 (4)
 T ype III-W : Chl-a Transformed = 0:06 * LUSI + 0.19                 (5)
Both show a positive relationship between LUSI and Chl-a, indicating that the greater the continental 
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anthropogenic pressure received by a  WB, t he h igher t he Chl-a c oncentration, a nd t herefore t he 
types are consistent with the assessment concept. Thus, type III-W WBs have a higher slope and lower 
intercept than type II-A. In other words, for the same amount of pressure, a type III-W WB generates 
more Chl-a than a type I I-A WB and is therefore more sensitive to pressures and will be impacted 
more rapidly. The intercepts provide information about the lowest Chl-a concentrations in the ab-
sence of pressures (theoretical value of LUSI=0, which in practice does not exist) in type III-W WBs 
have a higher Chl-a
the NW Mediterranean coast.
 
Figure 5  ·  Relationship between pressure (LUSI) and impact (transformed Chl-a) for type III-W, 
type II-A, and type I WBs. Linear models for type III-W and type II-A were obtained from the Med-
GIG data subset. The dots represent data from Catalan WBs.
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4.3. Reference Conditions
According to the WFD CIS Guidance Document No. 5, the reference condition must be derived from 
an undisturbed s ite or a  s ite with only very minor d isturbances. In accordance with this rule and 
considering that pressure is measured by means of the LUSI values, the minimum LUSI values for 
each type were selected to calculate the corresponding reference condition by using the previously 
established pressure–impact relationship. For a type II-A WB, the minimum LUSI value is 2 (regardless 
a/L, expressed 
as a 90th percentile value. For a type III-W WB, the minimum LUSI value is 1 (regardless of the shape 
a/L (Table 2).
The reference conditions for type II-A and type III-W WBs are similar to those measured in WBs of the 
Catalan coast that receive less continental pressure, that is, WBs located within a marine and terrestri-
al natural park, in the NE of Catalonia. Regarding type III-W, the Cap Norfeu (C05) WB has a LUSI value 
of 0.75 and its 90th percentile Chl-a
WB has a LUSI value of 1.50 and its 90th percentile of Chl-a
between the calculated and real natural minimum values of Chl-a supports the validity of both the 
previously determined linear models and the reference conditions of the methodology.
4.4. Boundaries Between Water-Quality Categories
a
water-quality categories, but for management reasons, only the boundaries between two of them 
are of practical interest: between high and good (H–G) and between good and moderate (G–M). The 
The H–G boundaries and G–M boundaries were established taking into account the variability within 
each WB type in the dataset. Thus, for a type II-AWB, 50% of the reference condition was added to the 
same reference condition to establish the H–G boundary and 82% of the H–G boundary was added 
to this boundary to obtain the G–M boundary. For a type III-W WB, the H–G boundary was obtained 
following the same procedure as for type II-A, but the G–M boundary was obtained by the addition of 
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60% of the H–G boundary. Once these boundaries in terms of the 90th percentile of the Chl-a concen-
 E QR = Chl-a reference / Chl-a WB                   (6)
The boundaries set in terms of the 90th percentile of Chl-a
In summary, the assessment of the water-quality of a WB based on phytoplankton biomass requires data on 
the annual mean salinity and on the 90th percentile of Chl-a
 
TABLe 2  ·  Reference conditions and boundaries for the assessment of water quality based on 
Chl-a determinations along the Catalan coast. Note that type II-A and type III-W also apply to the 
NW Mediterranean.
Type Type iii-W Type ii-A Type i
Reference conditions (90th percentile Chl-a, µg/l) 0.79 1.28 4.13
Reference conditions
(90th percentile Chl-a, µg/l)
H/G 1.18 1.92 6.19
G/M 1.89 3.5 13.01
Failed > 1.89 > 3.50 > 13.01
Boundaries (EQR)
H/G 0.67 0.67 0.67
G/M 0.42 0.37 0.32
Failed < 0.42 < 0.37 < 0.32
I. The typology of the WB is established according to Table 1.
 
II. The WB’s reference condition is selected depending on its typology, as shown in Table 2. 
III. The EQR of the WB is calculated using Eq. (6). 
IV. The WB is assigned to a water-quality category with respect to the boundaries,
BOX 1  ·  Protocol to assess the water-quality of a WB based on phytoplankton biomass.
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Regarding the IC, when a methodology is established, Member States can compare and harmonize 
boundaries. For the NW Mediterranean, the results show that France and Spain can use the H–G and 
G–M boundaries to assess the quality of their type III-W and type II-A WBs. In the case of Spain, this 
-
tion on the comparison and harmonization of boundaries between France and Spain can be found 
in their third phase IC Working Document regarding BQE phytoplankton, presented to the European 
Commission in 2014.
4.5. Water-Quality Based on Phytoplankton Biomass of   
       the Catalan Coast
The quality of Catalan coastal waters, based on Chl-a, was assessed using the above-described meth-
odology and Med-GIG dataset. Concretely, we used the subset corresponding to the Catalan coast 
since 2007 to 2010. Since with this intercalibrated methodology only type II-A and type III-W WBs can 
be assessed, the same procedure was applied to the data corresponding to a type I coastal WB of the 
equation was described by Eq. (7):
 T ype I : Chl-a transformed = 0:03 * LUSI + 0.62                  (7)
The slope and intercept of this linear model were congruent with those of the linear models of type 
III-W and type II-A WBs (Figure 5). The slope of the type I linear model was the lowest of the three 
linear models; thus, as an indicator of the magnitude of the pressure on Chl-a, a type I WB is the least 
sensitive to pressure. Since the value of the intercept of the type I linear model will be the highest 
of the three linear models, then in type I WBs the theoretical Chl-a concentration in the absence of 
-
water inputs. Second, type I reference conditions were calculated. For this type, the minimum LUSI 
a /L, expressed as a 90th per-
a
Chl-a/L for the G–M boundary, taking into account that 110% of the H–G boundary is added to this 
boundary. For the EQR, the values were 0.67 and 0.32 for the H–G boundary and the G–M boundary, 
respectively. These boundaries were in agreement with those of type III-W and type II-A WBs.
All WBs from the Catalan coast, including transitional waters, were assessed by assigning each one a 
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typology using Table 1 and a water-quality category following Eq. (6) and by applying the reference 
Our assessment of all Catalan WBs showed that 89% have an acceptable (high or good) water-quality 
based on t heir Chl-a c oncentrations, w ith 47% h aving a high w ater-quality. B y typology, t he w a-
ter-quality of 81% of the type III-W WBs is high or good, whereas for type II-A and type I WBs, this 
percentage is 100%. Only four WBs failed to achieve an acceptable water-quality [Barceloneta-Zona II 
Port de Barcelona (C20), El Prat de Llobregat-Castelldefels (C22), Vilanova i la Geltrú (C24), and Tarrag-
ona-Vilaseca (C27)]. Our results are in agreement both with previous assessments of Catalan coastal 
waters carried out before the implementation of the WFD and with parallel studies. Therefore, our 
linear models, selected reference conditions, and boundaries are appropriate and the methodology 
is valid. With this water-quality assessment approach based on BQE phytoplankton, the ecological 
status of Catalan WBs will be assessed and included within the third River Basin Management Plan.
a
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5. FINAL DISCUSSION ON THE USE OF 
    PHYTOPLANKTON AS A BQE
We conclude this chapter by again addressing the general assumptions of the WFD and by consider-
ing the knowledge gained by the use of BQE phytoplankton to assess water-quality.
Figure 6  ·  Maps of the Catalan coast showing the typology of each water body (a) and its water 
quality based on phytoplankton biomass (Chl-a) (b). Water bodies that correspond to harbours 
were not assessed and are indicated in grey. Main rivers and the coastline are also indicated.
b
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nautical mile on the seaward side from the nearest point of the baseline from which the breadth of 
territorial waters is measured.” The absence of clear hydromorphological quality elements makes the 
because phytoplankton communities are present and can be sampled within the whole WB and not 
only along the coast, as is the case for other BQE such as macroalgae or phanerogams. The results of 
WBs should be considered.
Other weaknesses in the implementation of the WFD became apparent during the testing of the 
phytoplankton-related approaches to evaluate the water-quality here, in the Catalan coast, and else-
where. These were linked to t he t emporal and s patial samplings o f the WBs. The d irective a llows 
Member States to select sampling sites and sampling frequencies within each WB. However, coast-
al WBs are characterized by spatial heterogeneity and asymmetry, with continental anthropogenic 
pressures being m ost obvious near the coastline, e specially i n the tideless Mediterranean Sea. To 
coastline. The failure to include sampling points near the coastline will result in values that are not 
representative and therefore in l arge b iases regarding spatial heterogeneity. But e ven before t he 
the coastline (Chapter 1). Regarding the time frame for sampling, the directive allows the assessment 
of water-quality based on BQE phytoplankton with a minimum of two samples per year. Yet, as point-
ed out in this chapter, because phytoplankton communities are highly dynamic, a higher sampling 
dataset will a llow the necessary statistical integration needed to reveal changes in parameters of 
interest, such as Chl-a. For the water-quality surveys conducted along the Catalan coast, sampling 
is carried out weekly, fortnightly, monthly, and quarterly, depending on the degree of variability of 
the sampling point. As is the case for phytoplankton, the inadequate sampling of Chl-a could lead 
to a misrepresentation of the spatio-temporal heterogeneity of the respective WB and therefore to 
erroneous quality assessments based on BQE phytoplankton.
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The WFD assumes that changes caused by anthropogenic pressures can be distinguished from those 
resulting from natural causes, which in turn implies known pressure–impact relationships. Howev-
parameters proposed for BQE phytoplankton, is too limited to reveal the nature of this relationship; 
consequently, its translation into management actions is not possible. Nonetheless, Chl-a is widely 
used as a bioindicator of eutrophication in coastal waters. At the management level, some insight 
has been gained regarding the changes in Chl-a caused by anthropogenic pressures (in the form of 
-
based on phytoplankton biomass should be evaluated with respect to the general conditions de-
the case of the Catalan coast include dissolved inorganic nutrient concentrations. An evaluation of 
this type could provide insights into the origin of the detected nutrients, i.e., whether they are due to 
anthropogenic activity inputs into coastal waters, and thus of Chl-a. The results will allow decisions 
to be made regarding the need for management actions, since naturally high levels of Chl-a may not 
warrant external correction. Along the Catalan coast, these evaluations have already been conducted 
Finally, a much better understanding of nutrient-phytoplankton relationships is needed before the 
measures taken. The complexity of the interactions between physical, chemical, and biological fac-
the implementation of good practices aimed at nutrient load reduction in coastal areas in order to 
achieve the GES of all European water bodies, which is the main goal of the WFD.
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GENERAL DISCUSSION
1. COASTAL INSHORE WATERS
2. WATER QUALITY DEFINITION
3. INTEGRATED ASSESSMENT OF THE CATALAN COAST
    AND MANAGEMENT IMPLICATIONS
4. FUTURE MANAGEMENT OF COASTAL ECOSYSTEMS
1. COASTAL INSHORE WATERS
In this thesis, the coastal zone was divided into three areas, CIW, CNW, and COW, depending on their 
distance to the shore (Figure 1). This is the first time that CIW have been recognized as a distinct eco-
system and thus considered separately from the coastal zone or coastal waters as a whole.
As often noted in this thesis, CIW are of major ecological, social, and economic importance even 
though they represent < 1% of coastal waters. The scarcity of published studies reflects the fact that 
CIW have long been ignored as a separate area of research. However, we took advantage of the large 
dataset of physicochemical and biological variables linked to the time series of the National Catalan 
Coastal Water Monitoring Program, conducted since 1990, to characterize CIW in detail. Our results 
confirm the uniqueness of CIW in the Catalan coast in terms of their distinct physicochemical and 
biological characteristics compared to outermost coastal waters (CNW and COW). These characteris-
tics reflect the larger impact of natural processes and anthropogenic activities from the neighboring 
continent on CIW. These continental influences are less and less important with increasing distance to 
the coast. The dissimilarities between CIW and outermost waters are especially obvious at a local scale, 
i.e. that of water bodies and at the level of sampling stations. 
The findings described in this thesis definitively refute the assumption of an overall oligotrophic con-
dition of the Mediterranean, as this is not the case in Catalan CIW. Specifically, the concentrations of 
dissolved inorganic nutrients and Chl-a are significantly larger in the CIW than in the outermost waters 
of the Catalan coast (in some cases up to one order of magnitude). It is also clearly shown that some 
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Catalan water bodies, such as Sant Adrià de Besòs-Barceloneta (C19), are at risk of eutrophication and 
that the waters of some of them, such as Tarragona-Vilaseca (C27), are already eutrophic. In the Catalan 
coast, eutrophic waters contain high dissolved inorganic nutrient and Chl-a concentrations but this 
condition does not necessarily imply changes in the balance of organisms, hypoxia or anoxia, such as 
it occurs in other seas around the world (Breitburg, 2002; Diaz and Rosenberg, 1995; Gray et al., 2002). 
With the detailed description of Catalan CIW provided in this thesis and the elucidation of their in-
ter-relatedness with neighboring ecosystems, i.e., those of the continent and outermost coastal 
waters, the black box of Catalan CIW has been opened. The results of this thesis are an important 
contribution to better knowledge and a fuller comprehension of the CIW ecosystem. Moreover, they 
provide important information to decision-makers on the structure and functioning of the CIW and 
will support efforts aimed at achieving integrated coastal zone management of the Catalan coast.
 
Figure 1  ·  Conceptual diagram displaying the three areas of coastal waters defined in this thesis: 
CIW, CNW and COW.
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2. WATER QUALITY DEFINITION
The term water quality describes the condition of the water with respect to its suitability for a par-
ticular purpose (Diersing, 2009). In the coastal zone, a clear definition of water quality is especially 
relevant for management purposes, where environmental, economic, and social interests converge. 
In this thesis water quality in CIW is defined as the absence of large concentrations of nutrients from 
urban continental inflows, discussed herein as being of anthropogenic origin and measured using the 
FAN index. From a management point of view, the purpose behind this definition is a healthy coastal 
environment, with minimal cultural eutrophication. Coastal water quality as defined in this thesis is 
not a specific but a changeable condition of the water, reflecting its variability over time. The quality 
of Catalan coastal water between 1994 and 2014, evaluated at local and national scales, exemplifies 
this variability.
At the local scale, the water quality of water bodies is rarely the same across all samplings; rather all 
possible water quality categories may occur in a single water body within a given period. For example, 
the water body Sant Adrià de Besòs-Barceloneta (C19), which along the Catalan coast had the worst 
water quality (bad) during the years 1994–2014, also had high or good water quality 26% of the times 
it was sampled during the study period, and moderate, poor, or bad water quality 74% of the times 
(Figure 2). The water body Cambrils-Montroig del Camp (C30), which had the best water quality (high) 
for the same period, also had high or good water quality 67% of the times, and moderate, poor, or bad 
water quality 33% of the times. Therefore, water quality in the worst-rated water body was acceptable 
one-third of the times and in the best-rated water body it was not acceptable one-third of the times. 
Along the entire Catalan coast and thus at the national scale, the need for a flexible definition of water 
quality becomes apparent by grouping water bodies according to their assessed quality and then 
plotting the frequency distributions of the FAN index values vs. the quality categories of the water 
samples. As shown in Figure 3, the frequency distributions of samples range from being skewed to the 
left, for water bodies with high quality, to being skewed to the right, for water bodies with bad quality. 
The percentage of bad-quality samples increases from water bodies of high quality to those of bad 
quality (2%, 7%, 17%, 25%, and 49%) whereas the percentage of high-quality samples decreases from 
water bodies of high quality to those of bad quality (59%, 46%, 29%, 32%, and 11%). The percentage of 
moderate-quality samples is similar (~15%) for the five quality categories of water bodies.
These findings at local and national scales demonstrate that water quality can be defined according 
to the frequency distribution of the FAN index values of a specific coastal water during a defined 
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assessment period. In other words, water quality is related to the frequency with which the different 
water-quality categories are assigned to a specific coastal water. By incorporating the variability of 
water quality, this definition reflects the dynamic and changeable nature of coastal water ecosystems, 
and is therefore suitable for management purposes.
 
 
Figure 2  ·  Frequency distributions of the FAN index values, categorized in the five water quality 
categories, from the water bodies of the Catalan coast assessed with the worst (left) and the best 
(right) coastal water quality. Percentages of number of samples by each water quality category are 
shown for both water bodies. Water quality categories are: high (blue), good (green), moderate 
(yellow), poor (orange) and bad (red).
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3. INTEGRATED ASSESSMENT OF THE CATALAN COAST 
    AND MANAGEMENT IMPLICATIONS
The integrated assessment of the Catalan coast, based on the LUSI, the FAN and FLU indexes, and 
the Chl-a methods is an important main contribution of this thesis. The LUSI method assesses the 
continental pressures measured on land and their influence on coastal waters, based on land uses 
and coastline morphology. The FAN and FLU indexes method assesses the water quality, the anthro-
pogenic component of the trophic state, and the fluviality of coastal waters as well as the continental 
Figure 3  ·  Frequency distributions of the FAN index values, categorized in the five water quality 
categories (Quality of samples), from the water bodies of the Catalan coast grouped by their 
coastal water quality (Global Quality of Water Bodies). Percentages of number of samples by each 
water quality category are shown. Water quality categories are indicated in figure 2.
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influences on those waters, based on dissolved inorganic nutrient concentrations and a definition of 
freshwater content as the inverse of the salinity value. These indexes therefore serve as indicators of 
the risks of eutrophication and cultural eutrophication. The Chl-a method addresses the ecological 
status of coastal waters, using the Chl-a concentration as a proxy of phytoplankton biomass and tak-
ing into account salinity, through the phytoplanktonic specific typology of water bodies. This method 
is used to assess the degree of eutrophication of coastal waters. By merging of the results of the FAN 
index with the Chl-a method, the cultural eutrophication in coastal waters can be identified. Applying 
these three methods to obtain an integrated assessment of the Catalan coast addresses the three 
components of the eutrophication process: 1) terrestrial pressures, in the form of nutrients that are 
generated on the continent, 2) pressures on the studied ecosystem, as a large fraction of these nutri-
ents enter coastal waters, and 3) impacts on the studied ecosystem, as reflected in the levels of Chl-a 
in coastal waters. 
Table 1 shows the results of an integrated assessment of Catalan water bodies based on the three 
methodologies, using the dataset from 2011 to 2016 and thus corresponding to the 6-year evaluation 
period mandated by the Water Framework Directive to assess water status. These results can be sum-
marized as follows: 
• Continental pressures (LUSI): 36% of the water bodies had a LUSI value ≤ 2 (coastal waters 
not or only slightly influenced by continental pressures), 42% a LUSI value ≤ 4 (moderately 
influenced), and 22% a LUSI value >4 (strongly influenced). 
• Water quality (FAN index): 33% of the water bodies were of high quality, 47% of good 
quality, 14% of moderate quality, 3% of poor quality, and 3% of bad quality.
• Anthropogenic component of the trophic state (FAN index): 80% of the water bodies 
were oligotrophic, 17% mesotrophic, and 3% eutrophic.
• Fluviality (FLU index): 33% of the water bodies were of very low, 33% of low, 14% of medi-
um, 11% of high and 8% of very high fluviality.
• Continental influences (FAN and FLU indexes): 58% of the water bodies had no conti-
nental influences, 22% were affected by fluvial continental influences, 9% by urban continental 
influences and 4% by both.
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• Typology (Chl-a): 58% of the water bodies were of type III (not influenced by freshwater 
inputs), 25% of type II (moderately influenced) and 17% of type I (highly influenced).
• Ecological status (Chl-a): 72% of the water bodies had a high and 20% a good ecological 
status; 8% failed the assessment.
• Risk of eutrophication (FAN and FLU indexes): 42% of the water bodies.
• Risk of cultural eutrophication (FAN index): 19% of the water bodies.
• Eutrophication (Chl-a): 8% of the water bodies.
• Cultural eutrophication (FAN and FLU indexes and Chl-a): 6% of the water bodies.
In addition, 3% of the water bodies showed evidence of eutrophication but it was no possible to link 
it to urban continental influences, thus to cultural eutrophication.
The results of the integrated assessment of the Catalan coast have several management implications:
First, the management actions currently implemented along the Catalan coast are effective in pre-
venting the risk of eutrophication and of eutrophication in most of the water bodies. While the dis-
solved inorganic nutrients and chlorophyll-a concentrations in the majority of Catalan water bodies 
are higher than in the open seas, their assessment is considered acceptable as there is no evidence of 
either eutrophication or a risk thereof.
Second, in water bodies where cultural eutrophication has been identified, corrective or palliative 
actions should be considered to diminish urban continental pressures (phosphate, ammonium, and 
nitrite concentrations) on coastal waters and therefore their impact (Chl-a concentration), thereby 
eventually restoring the good state of these waters [Roses-Castelló d’Empúries (C07) and Tarrago-
na-Vilaseca (C27)].
Third, the water body El Prat de Llobregat-Castelldefels (C22) shows eutrophication (high Chl-a con-
centration), but it was no possible to link it to urban continental influences, thus to cultural eutroph-
ication. The most plausible explanation of its low concentrations of phosphate, ammonia and nitrite 
takes into account two scenarios. The first is the SW transport of dissolved inorganic nutrients, re-
ceived from the continent via water bodies located further north [Sant Adrià de Besòs-Barcelone-
ta (C19), Barceloneta-Zona II Port de Barcelona (C20), Llobregat (C21)], following the general surface 
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circulation of the Liguro-Provençal current. The second is linked to the geomorphology of this water 
body, whose longshore bars and troughs may enhance the confinement of its waters, such that dis-
solved inorganic nutrient concentrations rise and primary production is accordingly boosted. Which 
of these two scenarios is correct, or if there exist other ones, remains to be determined. However, the 
same management actions designed for water bodies with cultural eutrophication could be applied 
as precautionary measures to the three water bodies north of El Prat de Llobregat-Castelldefels (C22).
Fourth, even though several water bodies are at risk of eutrophication [Sant Pere Pescador-Fluvià 
(C08), L’Escala (C09), Torroella de Montgrí-El Ter (C11), Pals-Sa Riera (C12), Salou-Cambrils (C28), Delta 
nord (C33), Delta sud (C34), Alcanar (C35), Badia Fangar (T01) and Badia Alfacs (T03)], they do not 
actually show eutrophication. Thus, no further actions are needed but these water bodies should be 
closely monitored. 
These results are not in agreement with those of the World Resources Institute regarding eutrophic 
areas (Diaz et al., 2001), since according to previous studies among Catalan coastal water bodies only 
Badia Fangar (T01) (Quijano-Scheggia et al., 2008; Raaijmakers, 2006; Vila et al., 2001a) and Badia Alfacs 
(T03) (Llebot et al., 2010; Loureiro et al., 2009; Quijano-Scheggia et al., 2008; Vila et al., 2001a) were iden-
tified as eutrophic. This difference is due to the different definitions of eutrophication, which result in 
the use of different methodologies for its assessment.
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4. FUTURE MANAGEMENT OF COASTAL ECOSYSTEMS
Under the ecosystem approach, the goal of integrated management is an environmentally healthy 
ecosystem that also fulfills the economic and social interests of humans. This requires: (1) that stake-
holders decide on the ecosystem model among the many that are available, based on how they pri-
oritize the ecosystem’s services and benefits while ensuring that the priorities are compatible with the 
conservation and sustainability of the ecosystem; (2) the acquisition of information on the structure 
and function of the ecosystem, by applying specific methods to assess both the pressures exerted by 
human activities (chosen services) on ecosystems and the resulting impact. This information can then 
be linked in a pressure-impact relationship and thus to the processes and mechanisms involved. The 
knowledge gained and the resulting understanding of the ecosystem facilitate the design of manage-
ment plans that allow the attainment of the chosen ecosystem model, one that balances conserva-
tion and sustainable use. 
The integrated management of land-based ecosystems under the ecosystem approach has been fol-
lowed since the domestication of plants and animals, over 13,000 years ago (Diamond, 2002), albeit 
unbeknownst to its early practitioners. The impacts caused by human activities on land are usually 
evident over the short-term. Early on in human history, when a land ecosystem was damaged by hu-
man activities to the extent that it was no longer able to provide the required services, humans were 
forced to change their activities, resulting in a newly defined balance. These experiences contributed 
to continuous and cyclic learning and thus to the coevolution of human needs, human activities, and 
land ecosystems in a process yielding in-depth knowledge of these ecosystems, an understanding of 
landscape structure and function, and in turn the very successful management of land ecosystems 
(Bruner et al., 2001).
By contrast, in sea ecosystems a similar coevolution did not occur and there are few examples of 
their successful management (Cinner et al., 2012). In coastal ecosystems, this lack of knowledge is of 
particular concern given the enormous importance of coastal zones both from an environmental and 
a human point of view. Coastal management plans have been published, mostly linked to fisheries 
and marine protected areas (Murray et al., 1999). In addition, the project Land Ocean Interactions in 
the Coastal Zone (Ramesh et al., 2015), conducted since the 1990s, has greatly improved knowledge 
of coastal zones. However, an ecosystem approach to their integrated management has yet to be 
developed. A prerequisite is that stakeholders decide which coastal ecosystem model is appropriate. 
In addition, information on pressures and impacts on coastal waters needs to be gained, through spe-
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cific assessment methods, and the information used to establish the corresponding pressure-impact 
relationships. Only when these two requirements are fulfilled is the integrated management of coastal 
ecosystems possible.
This thesis provides the first steps towards the integrated management of coastal ecosystems in the 
NW Mediterranean Sea in an ecosystem approach. Specifically, it broadens current knowledge of the 
structure and function of coastal ecosystems, and especially those of CIWs. The work described herein 
includes the development of new tools with which to assess the environmental quality of coastal 
waters, including the pressures exerted on coastal waters by land-based human activities, and the 
impacts of these pressures on coastal waters, recognized as eutrophication. The results of these assess-
ments for the Catalan coast, as representative of the NW Mediterranean Sea, expose the relationship 
between the interests and activities of humans but also the health of coastal ecosystems. 
In adopting an integrated ecosystem-based management of coastal ecosystems of the NW Mediter-
ranean Sea, stakeholders must, as mentioned above, decide on the appropriate model system. Three 
reflections arise regarding this decision. First, a pristine coastal ecosystem with maximal biodiversity 
despite the presence of human activities is unrealistic. Second, an alternative model would not view 
natural coastal environmental conditions as damaged, such that corrective management actions 
would not be deemed necessary. An example a coastal ecosystem receiving large fluvial inflows never 
would be penalized by not showing the environmental conditions of a coastal ecosystem without 
freshwater inflows, and thus with transparent waters and low dissolved nutrient concentrations. Third, 
the coastal ecosystem paradigm must eventually shift from a structural to a functional one in which 
environmental and human services rather than ecosystem structures prevail. In fact, several ecosys-
tem structures could provide similar ecosystem functions, thus several models of coastal ecosystem 
exist and could be chosen. Given these considerations, stakeholders must reach a consensus on which 
human interests (social, economic and environmental) and activities, and therefore which coastal eco-
system services and benefits, will be prioritized. 
Thereafter, once the two requirements for an integrated management of coastal ecosystems, under 
the ecosystem approach, would be fulfilled for the NW Mediterranean Sea, management actions 
plans could be adopted based on the following considerations: First, they should be designed based 
on current coastal ecosystem scenarios and tailored to the selected coastal ecosystem model. Second, 
they should be implemented at the local scale, since at higher spatial scales they may not be adequate 
or might even worsen the problem. Third, to maintain or improve the environmental health of coastal 
ecosystems in terms of reversing or preventing eutrophication, corrective actions should be imple-
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mented on land, since continental inflows are the main drivers of nutrient levels in coastal waters. 
These actions should be adapted to land use, as it ultimately determines nutrient concentrations with-
in continental inflows. Adequate land-based management assures the conservation and sustainability 
not only of terrestrial but also of coastal ecosystems while assuring the continuity of the services and 
benefits both are able to provide. 
Under the ecosystem approach, integrated management plans should be monitored, re-evaluated 
and, perhaps, updated, taking into account the following: First, pressure-impact relationships are sim-
plifications of ecosystems, which are complex and usually subject to several pressures each with its 
own impact. Second ecosystems, and especially coastal ecosystems, are dynamic rather than stable. 
Third, the outcomes of most actions are noticeable only after a lag time of varying length because 
ecosystems rarely recover immediately. Fourth, the path to ecosystem recovery may not be the re-
verse of the path that led to the unwanted impact. For example, in coastal ecosystems that have suf-
fered eutrophication (Figure 4), the mandated reduction of nutrients (pressure) rarely leads to an acute 
decrease in phytoplanktonic biomass (impact); consequently,  the eutrophic state is maintained for a 
certain period and no reversion is observed. Eventually, however, biomass will start to decrease and 
the system will recover, albeit via a pathway that is difficult if not impossible to predict. Consequently, 
integrated management plans should be adaptive in order to be able to respond to such uncertain-
ties and contain elements of “learning-by-doing” or research feedback (United Nations Educational 
Scientific and Cultural Organization, 2000). The insights gained related to the complex interactions 
occurring in ecosystems among pressures and impacts will contribute to the improved design of 
management actions and to more accurate determinations of their effects. 
 According to the Commission of the European Communities in 2000 (European Commission, 2000a), 
in the case of potential problem areas with regard to eutrophication, preventive measures should 
be taken in accordance with the Precautionary Principle (European Commission, 2009). The Precau-
tionary Principle was outlined by Rice (Rice, 2003) and is strongly recommended while an integrated 
management of coastal ecosystems is not completely implemented. In coastal waters with cultural 
eutrophication, reducing continental nutrient loads linked to human activities is an essential precau-
tionary action, as exemplified by Danish coastal waters (Andersen, 2012). Finally, the most important 
advice to be followed in the management of ecosystems, included coastal ecosystems, is common 
sense.
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Figure 4  ·  Conceptual diagram displaying the process of eutrophication (red) and the process 
of its recovery (blue) in coastal ecosystems, related to the intensity of pressure and to the impact. 
Eutrophic waters (orange) are established based on an impact threshold.
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CONCLUSIONS
Ocata beach
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WHAT’S IT ALL ABOUT? 
THESIS KEYPOINTS
1. Coastal waters were divided into CIW, CNW, and COW depending on their distance to the shore. The 
CIW ecosystem was, for the first time, considered independently rather than as part of a larger eco-
system.
2. Freshwater content was defined as the inverse of salinity.
3. Continental influences on coastal waters trigger primary production (Chl-a), known to enhance eu-
trophication. Besides, these can be divided into urban continental influences, linked to phosphate, 
ammonia, and nitrite concentrations, and fluvial continental influences, linked to freshwater content, 
nitrate, and silicate concentrations.
4. Urban continental influences reaching coastal waters are considered of anthropogenic origin, and 
fluvial continental influences of natural origin.
5. Nitrate is evaluated within fluvial continental influence, and thus considered to be of natural origin. 
However, it is partially related to agriculture and thus of anthropogenic origin. The difficulty in distin-
guishing between natural (autochthonus eutrophication) and human induced stresses in the environment 
(Warwick, 1993) is one of the main setbacks of current management strategies.
6. Good coastal water quality was defined as the absence of large anthropogenic continental influenc-
es and thus of high dissolved inorganic nutrient (phosphate, ammonia, and nitrite) concentrations of 
urban origin.
7. LUSI was developed to assess continental pressures, measured on land, and their influence on coastal 
waters. It takes into account both land uses (urban, industrial, agricultural, riverine), which determine 
nutrient loads and concentrations within continental freshwater inflows, and coastline morphology, 
which reflects the degree of confinement of coastal waters and therefore the potential for the dilu-
tion of continental nutrient-rich freshwater inflows. As such, the LUSI value is a proxy of continental 
nutrient loads and concentrations reaching coastal waters.
8. The LUSI method was validated against dissolved inorganic nutrient concentrations in coastal waters 
(correlation between 0.87 and 0.52).
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9. The choice of a land cover map (national vs. European coverage) did not influence the results of LUSI.
10. The FAN and FLU indexes method was developed to assess the water quality, the anthropogenic 
component of the trophic state, the fluviality, and the continental influences of coastal waters based 
on physicochemical variables. As such, it evaluates the risks of eutrophication and cultural eutrophi-
cation.
11. Both the reference data framework (physicochemical data from the Catalan coast from 1994 to 2014) 
and the statistical methodology (factor analysis) used to create the FAN and FLU indexes were suc-
cessfully validated.
12. A specific typology for biological quality element phytoplankton, as part of the Water Framework 
Directive, was defined based on the salinity values of coastal waters, which are inversely related to 
continental nutrient loads.
13. The Chl-a method was presented as a means to assesses the ecological status of coastal waters in 
relation to the biological quality element phytoplankton. The Chl-a concentration serves as a proxy 
of phytoplanktonic biomass, and salinity is used to define the specific typology for phytoplankton. As 
such, it evaluates the eutrophication of coastal waters.
14. A significant pressure-impact relationship between LUSI and Chl-a values was established for the 
entire Catalan coast (Chl-a = 0.11 × LUSI + 0.22). In addition, specific relationships were established 
for each specific typology for phytoplankton. With these steps, the Chl-a method fulfills the Water 
Framework Directive’s management requirements.
15. Three methods to assess the ecological status of coastal waters based on phytoplanktonic communi-
ties were tested in relation to the biological quality element phytoplankton: the harmful algal bloom 
index, the diatom/dinoflagellate ratio, and the bloom frequency index. None fulfilled the Water 
Framework Directive’s management requirement regarding the establishment of clear pressure-im-
pact relationships.
16. The evaluation of continental influences with the FAN and FLU indexes yielded results nearly equiv-
alent to those obtained with TRIX (Vollenweider et al. (1998) (correlation of 0.93). Both indexes were 
positively related to the Chl-a concentration (correlations of 0.76 and 0.74, respectively). Therefore, 
the method based on these two indexes represents a valid alternative to the TRIX to assess the risk of 
eutrophication since it does not have the disadvantages of TRIX. Moreover, unlike the latter, it is able 
Thesis keypoints
357
to distinguish between the urban and fluvial origins of continental influences and therefore identify 
the risk of cultural eutrophication.
17. Merging the method results of the FAN index and of the Chl-a allows to identify the cultural eutroph-
ication, since the natural and anthropogenic origin of nutrients enhancing primary production are 
distinguished, which is cornerstone in the management of coastal ecosystems.
18. Together, the methods based on the LUSI, the FAN and FLU indexes, and the Chl-a assess the three 
elements that give rise to eutrophication: 1) the pressures measured at its source, i.e., nutrients on the 
continent; 2) the pressures measured on the studied ecosystem, i.e., nutrients in coastal waters; and 
3) the impacts on the studied ecosystem, i.e., Chl-a in coastal waters. Therefore, they fulfil some of the 
requirements of current European environmental laws, including the Water Framework Directive, and 
contribute to the integrated management of coastal waters.
19. Spatial and temporal characterizations of the physicochemical and biological features of Catalan 
coastal waters revealed very important differences between CIW and outermost coastal waters (CNW 
and COW). These differences were due to the larger impact exerted by the neighboring continent on 
CIW, related to natural processes, such as fluvial inflows and submarine groundwater discharges, and 
to anthropogenic activities, mainly urban inflows. Both were less and less noticeable with increasing 
distance to the coast. Dilution accounted for the up to 6-fold gradient determined between CIW and 
outermost coastal waters.
20. The higher variability and heterogeneity of CIW than outermost coastal waters was especially appar-
ent at a local scale (sampling stations).
21. The concentrations of dissolved inorganic nutrients and Chl-a were significantly higher in CIW than 
in outermost coastal waters (in some cases by up to one order of magnitude). 
22. Urban continental influences (high FAN index values) were especially apparent in the metropolitan 
Barcelona area and near mostly urban areas, reflecting urban land use. Fluvial continental influences 
(high FLU index values) occurred in coastal zones into which large freshwaters inflows empty, mainly 
related to river discharges, such as in the SW of the Catalan coast where the Ebre River discharges.
23. Temperature showed the same seasonal pattern across CIW, CNW, and COW, without any obvious 
trend.
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24. The seasonal pattern of dissolved inorganic nutrients and Chl-a concentrations in the outermost 
coastal waters followed the natural pattern described for the superficial open waters of the Mediter-
ranean Sea. 
25. Within CIW, the seasonal patterns of the nitrate and nitrite concentrations were similar to those de-
scribed for superficial open Mediterranean waters. By contrast, the seasonal patterns of freshwater 
content, silicate, and Chl-a concentrations as well as FLU index values (fluvial continental influences) 
were strongly influenced by the proximity of the continent. In summer, primary production was not 
generally nutrient-limited in CIW (0.97 µg/L in August), unlike in outermost coastal waters (0.10 µg/L 
and 0.04 µg/L within CNW and COW in August, respectively). In spring, the freshwater content, the 
silicate concentration, and the FLU index values increased in CIW, due to the seasonal peak in precip-
itation, but they decreased in outermost coastal waters. 
26. While between 1994 and 2014 several trends in the studied variables were identified in CIW, none 
were detected within outermost coastal waters.
27. Within CIW, urban continental influences (FAN index values) increased over time, while the Chl-a 
concentration and fluvial continental influences (FLU index values) decreased.
28. Trends in the FAN and FLU indexes and in the Chl-a concentration in CIW were verified against data 
from historical stations. The results demonstrated that changing the sampling stations of the Catalan 
time series did not bias the trends calculated with the entire dataset.
29. Physicochemical and biological profiles of Catalan outermost coastal waters revealed similar or high-
er values of these variables at the surface of CNW, where continental influences were more notice-
able, than at the surface of COW. Therefore, these coastal waters profiles were different than those 
previously described for open Mediterranean waters.
30. A physicochemical gradient related to the degree of confinement of coastal waters, which deter-
mines the dilution capacity of continental influences, was identified: the greater the degree of coastal 
water confinement, the larger the freshwater content of those waters and the higher their dissolved 
inorganic nutrient concentrations. Two groups of sampling stations were identified within the physic-
ochemical gradient; thus, from COW, to CNW, to rocky zones (CIW), urban continental influences (FAN 
index values) increased and from rocky zones, to beaches, to harbors, all located within CIW, fluvial 
continental influences (FLU index values) increased.
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31. Physicochemical and biological characterizations of Catalan coastal waters at national and local 
scales revealed that in many cases the characteristics at the local scale were the same as those at the 
national scale but differences, and even contradictions, between the two were also determined.
32. Seven zones along CIW were identified based on the distinctive seasonal patterns of the studied 
variables.
33. Two major discontinuities were identified among the trends in Catalan CIW. In 2001, urban continen-
tal influences (FAN index values) increased, and in 2005 urban continental influences (FAN index val-
ues) increased while fluvial continental influences (FLU indexes values) decreased. The 2001 increase 
was not maintained over time and lower values were recorded in later years. However, the changes 
that first occurred in 2005 were maintained until the end of the study period. This reversion or main-
tenance of physicochemical changes in the coastal waters could be related to the magnitude of their 
cause, which in both cases was a meteorological event.
34. The integrated assessment of the Catalan coast developed in this thesis revealed that 42% of Catalan 
coastal water bodies are at risk of eutrophication, 19% are at risk of cultural eutrophication, 8% show 
eutrophication, and 2% show cultural eutrophication. In addition, 3% of the water bodies show eu-
trophication but it was no possible to link it to urban continental influences, thus to cultural eutroph-
ication.
35. Our results regarding CIW of the Catalan coast strongly conflict with the presumed overall olig-
otrophic condition of the Mediterranean Sea. They clearly show that some Catalan water bodies, 
such as Sant Adrià de Besòs-Barceloneta (C19), are at risk of eutrophication and even some of them 
already show eutrophication, such as Tarragona-Vilaseca (C27). However, in some eutrophic Catalan 
coastal waters dissolved inorganic nutrient and chlorophyll-a concentrations are high but this has 
not necessarily led to changes in the balance of organisms or the development of hypoxia or anoxia.
36. The percentage of Catalan coastal water bodies that show eutrophication or are at risk of cultural 
eutrophication is not high considering the enormous anthropogenic continental influences, relat-
ed mainly to urbanization, industry, and agriculture, reaching the respective waters. Therefore, the 
management actions that have been implemented for the Catalan coast since the 1990s, aimed at 
reducing water pollution and improving water quality, have been sufficiently effective to minimize 
the pressures on coastal waters exerted by those influences and to largely prevent the risks of eu-
trophication and cultural eutrophication.
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37. Further management actions should be implemented at the Catalan coast in areas where cultural 
eutrophication was detected. In addition, areas at risk of cultural eutrophication should be especially 
surveyed.
38. The degree of fluviality in some areas of the Catalan coast is lower than it should be naturally, due to 
the intense regulation of rivers established to meet human water needs.
39. The general ecological assumptions of the European Water Framework Directive should be revisited, 
including those regarding the relationship between the structure and function of ecological systems 
and the achievement of pristine ecosystems, free of any type of human impact. 
40. Current sampling strategies should be reconsidered to focus on sites where continental impacts are 
stronger, the risk of eutrophication is higher, and pressure-impact relationships are clearer, thus on 
CIW.
41. Long time series are essential for coastal management as they allow analyses of the complexity un-
derlying the cause-effect relationships of environmental changes (pressure) and environmental vari-
ability (impact), before, during, and after those changes occur.
42. Management plans should be implemented at the local scale to respond to specific environmental 
issues. Those deliberated only at the national scale risk the implementation of inadequate actions in 
some areas of the coast. Moreover, the plans should target the land, since continental inflows are the 
main drivers of the increased nutrients within coastal waters, which over time trigger eutrophication.
43. Management plans should be monitored and assessed considering the specific features of the coast-
al ecosystem, including its dynamics and complexity, and the potential recovery paths that could be 
followed.
44. In this thesis, information and tools were provided to understand the structure and functioning of 
coastal waters. In the near future, stakeholders should decide which model of coastal ecosystem they 
prioritize, in terms of services and benefits provided.  Together they will allow the integrated manage-
ment of the Catalan coast, under the ecosystem approach, and thereby assure the conservation and 
sustainability of the environmental, economic and social aspects of the coastal ecosystem. 
45. Adopting the precautionary principle is strongly recommended while integrated management of 
coastal ecosystems is achieved, as well as, common sense.
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MAIN CONCLUSIONS
1. For the first time, the CIW ecosystem was considered apart from that of the larger outermost waters. 
The physicochemical and biological characterization of Catalan CIW, both spatially and temporally 
and at national and local scales, revealed very large differences between CIW and outermost coastal 
waters (CNW and COW). These could be attributed to the larger impact of the neighboring continent 
and therefore to natural processes, mostly fluvial inflows and submarine groundwater discharges, 
and anthropogenic activities, mainly urban inflows. Both play a much smaller role with increasing 
distance to the coast. Moreover, physicochemical and biological variability and heterogeneity were 
higher in CIW than in outermost coastal waters, especially at a local scale. The recognition of these 
differences contributes to better knowledge and a more detailed comprehension of the structure 
and functioning of the CIW ecosystem in the NW Mediterranean Sea.
2. Three new methodologies were introduced to assess the environmental quality of coastal waters. 
The LUSI method assesses the continental pressures measured on land and their influence on coastal 
waters, based on land use and coastline morphology. The FAN and FLU indexes method assesses the 
water quality, the anthropogenic component of the trophic state, the fluviality, and the continental 
influences on coastal waters, based on the physicochemical variables measured in coastal waters. 
Therefore, this method allows to assess the risks of eutrophication and of cultural eutrophication. For 
this method, the freshwater content is defined, as the inverse of salinity. The Chl-a method assesses 
the ecological status of coastal waters, based on Chl-a concentration, as a proxy of phytoplanktonic 
biomass, and on salinity, used to define the specific typology for phytoplankton. Therefore, this meth-
od allows to assess the eutrophication on coastal waters. Merging of the results of the FAN index and 
of the Chl-a allows to assess the cultural eutrophication on coastal waters.
3. According to the integrated assessment of the Catalan coast based on these methods, 42% of the 
water bodies are at risk of eutrophication, 19% are at risk of cultural eutrophication, 8% show eutroph-
ication, and 2% show cultural eutrophication. Therefore, the assumption of an overall oligotrophic 
condition of the Mediterranean Sea is not valid in CIW of the Catalan coast.
4. An elucidation of the relationship between human activities on land and the eutrophication of coast-
al waters is essential for management purposes and was established between LUSI, as a pressure 
indicator, and the Chl-a concentration, as the impact indicator: Chl-a = 0.11 × LUSI + 0.22.
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5. Scientific recommendations to achieve the integrated management of the Catalan coast under the 
ecosystem approach were provided. They included the preferential implementation of management 
actions at the local scale, to respond to specific environmental issues, and on land, because within 
coastal waters continental inflows are the main drivers of the increased nutrient levels, which over 
time trigger eutrophication. Adopting the precautionary principle is strongly recommended while 
integrated management of coastal ecosystems is achieved, as well as, common sense. 
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